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(54) Semiconductor light-emitting device 

(57) A semiconductor light-emitting device of this in- 
vention includes at least a first cladding layer fonned on 
a substrate, a light-emitting structure including an active 
layer made of In^.x-yGaxAlyN (O^X.Ysi,osX + Y 



< 1 ) and fonned on the first cladding layer, and a second 
cladding layer fonned on the light-emitting stnjclure. 
The active layer Is made of a material with a small Auger 
effect and small dependency of its band gap energy on 
environment temperature. 
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Description 

Background of the Invention 

[0001 J The present invention relates to a semiconduc- 
tor light-emitting device to be used for a light source in 
optical communication in the 1 ,3 to 1 .5 p.m wavelength 
band which uses a glass fiber as a transmission medium 
and a semiconductor light-emitting device as a light 
source in the visible region. 

[0002] For example, cunrently. in general, in optical 
communication using a silica-based glass fiber as a 
transmission medium, the 1 .3 to 1 .5 fim wavelength 
band is mainly used. As a light source for such optical 
communication, a semiconductor laser formed from a 
crystal made of elements such as In, Ga, Al, As, and P 
is generally used. InxGa^.^AsyP^.y (0<X^l,o^Y< 
1) (to be referred to as InGaAsP hereinafter), in partic- 
ular, is often used for a semiconductor laser 
[0003] A conventional laser using an InGaAsP-based 
material has a problem that the characteristic tempera- 
ture is as low as 40 to 60 K. This characteristic temper- 
ature is one of the important characteristics in practice. 
The relationship between a characteristic temperature 
Tq and a threshold current l|h is represented by 



'th = 'o®xpC^^o) 



where T is the operating environment temperature of the 
laser, and Iq is the threshold current at zero absolute 
temperature. With low Tq, when the operating environ- 
ment temperature rises, the threshold current for the 
semiconductor laser abmptly Increases. In order to op- 
erate the semiconductor laser at constant power, the 
current injected into the semiconductor laser must be 
increased compared with that at a low operating tem- 
perature. With this increase in injection current, the tem- 
perature of the semiconductor laser further rises, in ad- 
dition to a rise in operating environment temperature. 
As the operating environment temperature rises, the 
temperature of the semiconductor laser undergoes pos- 
itive feedbaclt. As a result, the device temperature 
greatly rises. In a laser formed from an InGaAsP-based 
material, the characteristic temperature is low for the fol- 
lowing two reasons. 

Reason 1 

[0004] When a double-heterostructure, which is indis- 
pensable for the fonnation of a semiconductor laser, is 
fonned, the discontinuity (AEc) in the conduction band 
in the energy band structure between a carrier confine- 
ment layer (cladding layer) and an active layer is small. 

Reason 2 

[0005] An InGaAsP-based material has a large Auger 



effect. With a large Auger effect, as the operating envi- 
ronment temperature rises, electrons in the conduction 
band in an active layer provide their energy to the lattice 
of crystal and cause non-radiative recombination with 
5 holes. A phenomenon similar to that of electrons occurs 
with respect to holes in the valence band. In a zinc- 
blende structure which is an InGaAsP-based crystal 
structure, since there is no energy difference between 
a heavy hole and a light hole in the valence band at the 
10 r point in the band structure, i.e., there is no spin split- 
off energy Asp, the Auger effect is large. 
[0006] In a semiconductor laser, since the bandgap of 
the active layer decreases with a rise in device temper- 
ature, the emission wavelength lengthens. The follow- 
1^ ing problems are caused by this wavelength change In 
optical communication. 

[0007] First, in optical communication, the propaga- 
tion speed of light in an optical fiber depends on the 
wavelength owing to the wavelength dispersion of the 
^ refractive index of the optical fiber. That is, the propa- 
gation speed of light in the fiber changes depending on 
a change in environment temperature. For this reason, 
as the environment temperature changes, on the trans- 
mitting side, the waveform of a pulse which has been 
25 rectangular with respect to the time axis distorts and 
spreads along with propagation of light. In long-distance 
communication, two optical pulses sent out from the 
transmitting side at different times overiap each other 
on the receiving side and cannot be discriminated from 
30 each other. In high bit-rate transmission system, since 
the intervals between optical pulses are small, two puls- 
es sent out from the transmitting side at different times 
cannot be discriminated from each other on the receiv- 
ing side due to changes in wavelength of optical pulses 
35 even in short-distance transmission. In addition, in 
wavelength division multiplexing communication (so- 
called WOM), since the Intervals between operating 
wavelengths are as small as about 1 to 1 0 nm, variations 
in the wavelength of a light source cause cross-talk. 
"^0 [0008] As described above, in optical communication, 
changes in the wavelength of communication light 
cause a serious problem, and great Importance Is at- 
tached to wavelength stability. For this reason, conven- 
tionally, a semiconductor laser serving as a light source 
^5 is mounted on a Peltier device to perfonn temperature 
control so as to be used for actual optical communica- 
tion. This makes it possible to stabilize operating tem- 
perature and ensure wavelength stability. Currently, 
therefore. In order to ensure the reliability of a commu- 
50 nication system, great Importance is also attached to the 
reliability of a temperature control means such as a Pel- 
tier device. The cost of equipping a Peltier device, the 
cost of a Peltier device control circuit, and the supply of 
power to the Peltier device increase the cost of a com- 
55 munication system. In addition, the presence of a Peltier 
device increases the number of components and caus- 
es a deterioration in the reliability of the overall commu- 
nication system. 
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[0009] In addition, high jaower cannot be obtained 
from conventional optical communication light sources 
made of the materials described above. In optical com- 
munication systems, high-power light sources are re- 
quired. Obviously, the higher the optical power of a light 
source, the longer the transmission distance. In large- 
capacity communication, since the pulse width of an op- 
tical signal is small, the energy of an optical pulse must 
be increased to realize communication with a high sig- 
nal/noise ratio (S/N). In order to increase the energy of 
an optical pulse, a high-power light source is required. 
[001 0] The use of a conventional InGaAsP-based ma- 
terial will lead to a small band discontinuity AEc In the 
conduction band in a double-heterqstructure fonning a 
semiconductor laser. For this reason, the injection of a 
large current easily causes a carrier overflow. The car- 
rier overflow is a phenomenon in which can^iers pass 
through a light-emitting layer without radiative recombi- 
nation in the light-emitting layer Fig. 19 shows a phe- 
nomenon in which electrons serving as carriers move 
from an n-type carrier confinement layer Into a p-type 
carrier confinement layer through a light-emitting layer. 
[0011] As described above, in a semiconductor laser 
using a conventional InGaAsP-based material, the in- 
jection of a large current does not increase optical power 
but only generates heat. In order to solve this problem, 
attempts have been made to use Al-included compound 
semiconductorfor a p-type cannier confinement layer ad- 
jacent to a light-emitting layer. This slightly increases the 
band discontinuity in the conduction band and improves 
the characteristics of a semiconductor laser. However, 
the optical output of a semiconductor laser based on this 
technique is limited to the level of 100 mW in the 
1.55-Mm band. 

[0012] In addition to the two problems described 
above, a conventional InGaAsP-based material hasthe 
problem that It is very difficult to realize a device for emit- 
ting light at a wavelength of 1 .48 \m\ at which the highest 
excitation efficiency can be obtained in an optical fiber 
amplifier In the 1 .55-^m band. This Is because the com- 
position of a crystal that emits light in the 1 .55-p.m wave- 
length band exists in a thermodynamically immiscible 
region in the InGaAsP system. In orderto acquire a crys- 
tal in an immiscible region, crystal growth must be done 
under thermodynamically nonequilibrium conditions. 
Even if a crystal In an immiscible region is obtained un- 
der thermal nonequilibrium conditions, its crystallinity is 
worse than that of a crystal grown under thermal equi- 
librium conditions. Although devices have been manu- 
factured by using such crystals, they exhibit low optical 
power and low luminous efficiency, and the device life- 
times are short. 

[0013] Problems in conventional light-emitting devic- 
es in the visible region will be described next. The first 
problem is that light-emitting diodes (to be referred to 
as LEDs hereinafter) for emitting blue, green, and yellow 
light beams and the like shorter in wavelength than a 
wavelength of 670 nm exhibit poor characteristics. Blue 



and green LEDs have been manufactured by using 
quantum well stmctures having well layers made of In- 
GaN, and available on the market. It is, however, con- 
flmied that phase separation occurs in well layers made 
s of InGaN which are used for these devices. More spe- 
cifically, regions (dots) with high In compositions are 
scattered in InGaN with a uniform In composition. Since 
these dots differ in size, the resultant light emission has 
a large spectrum width. 
10 [0014] The second problem in the conventional light- 
emitting devices in the visible region is that no high-qual- 
ity yellow LED has been obtained. For example, yellow 
LEDs have already been used for the yellow lights in 
some traffic signals mainly in the US. InGaAlP is used 
'5 as a material forthese devices. In a yellow light-emitting 
device using InGaAlP, however, the band discontinuity 
In the conduction band in the heterostructure made of 
InGaAlP materials with different compositions is small. 
For this reason, as described in association with the op- 
20 tical communication light sources, the efficiency of con- 
version from an Injected current Into light is low. In ad- 
dition, an ineffective current in terms of light emission, 
generates heat, and hence the characteristics of the de- 
vice degrade by this heat. 
25 [0015] In order to solve this problem, attempts are 
made to manufacture yellow LEDs by using InGaN. 
However, light emission produced by an yellow LED us- 
ing InGaN is one order of magnitude or more lower in 
intensity than blue and green light emissions. This isbe- 
30 cause in the yellow region, strong phase separation of 
InGaN occurs to result In poor crystallinity. 
[0016] Another conventional problem In a light-emit- 
ting device in the visible region is that no practical sem- 
iconductor laser has been realized. Although LEDs can 
35 be manufactured in a wavelength range from blue to or- 
ange, no laser structure has been manufactured. This 
is because no devtee structure designed to oscillate at 
a low threshold cun-ent can be fornied by using any con- 
ventional semiconductor materials. Only devices in a 
^0 wavelength range longer than 630 nm have been man- 
ufactured. 

[0017] Lasers in the 630-nm wavelength range have 
been manufactured by using InGaAIP-based materials. 
However, since the discontinuity AEc in the conduction 
^5 band between a light-emitting layer and a cladding layer 
(carrier confinement layer) Is small, electron overflow is 
prevented by using an electron reflector based on elec- 
tron wave interference which is fonned from a multi- 
quantum well called a multi-quantum-barrier (commonly 
so called an MQB) for a p-type cladding layer. The use of 
an MQB, however, leads to a high driving voltage for the 
device because of the presence of many band discon- 
tinuities in the conduction band. 
[0018] In addition, the number of multi-quantum well 
55 layers in an active layer is one to three in general, where- 
as about several ten multi-quantum well layers are re- 
quired in an MQB. The precision of the thickness of each 
quantum well layer in an active layer con-esponds to the 
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precision associated with the wavelength of light in the 
multi-quantum well. In contrast to this, in an MQB, this 
precision corresponds to the precision associated with 
an electron wave shorter in wavelength than light, and 
hence stricter thickness precision is required. In prac- 5 
tice, the precision of the thickness of a quantum well 
layer Is about 1/10 nm. As described above, according 
to the above conventional devices, an MQB is difficult 
to manufacture compared with a multi-quantum well 
serving as an active layer of a light-emitting device. io 

Summary of the Invention 

[001 9] It is, therefore, a principal object of the present 
invention to provide an inexpensive semiconductor is 
light-emitting device which is robust against changes in 
temperature in an operating environment and can per- 
fonm high-power operation. It is another object of the 
present Invention to provide a semiconductor laser 
which emits light in a wavelength range from blue to or- 20 
ange. 

[0020] In order to achieve the above objects, accord- 
ing to an aspect of the present invention, there is pro- 
vided a semiconductor light-emitting device includes at 
least a first cladding layer formed on a substrate, a light- 25 
emitting structure including an active layer made of 
'"i-x-vGaxAlvN (0^X,Y^1.0sx+Y<1) and formed 
on the first cladding layer, and a second cladding layer 
formed on the light-emitting stmcture. 
[0021] With this arrangement, the active layer is made so 
of a material with a small Auger effect. In addition, the 
active layer is made of a material having a unifomrt com- 
position without any phase separation. Furthermore, an 
arrangement can be realized, In which the band discon- 
tinuity AEc in the conduction band between the active 35 
layer and the p-type cladding layer can be set to be 
large. 

Brief Description of the Drawings 

40 

[0022] 

Fig. 1A is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to the first embodi- 45 
ment of the invention; 

Fig. 1 B is a perspective view schematically showing 
an example of the an-angement of the semiconduc- 
tor light-emitting device according to the first 
embodiment ; 50 
Fig. 2 is a graph showing the characteristics of the 
semiconductor light-emitting device according to 
the first embodiment ; 

Fig. 3 is a graph showing the relationship between 
absorbance squared and photon energy in an InN ss 
film grown under the condition that V/III is set to 
660,000: 

Fig. 4 is a graph showing the photoluminescence 



measured at room temperature from the InN film 
grown under the condition that V/III is set to 
660,000; 

Fig. 5 is a graph showing the relationship between 
the Eg of In^.x-yGaxAlvN (0gX,Y^1.0sx + Y 
^ 1) and a lattice constant a of the a-axis; 
Fig. 6 Is a graph showing the immiscible regions of 
Ini-x-yGaxAlvN (0^X,Y^1.0^X + Yg1) which 
are obtained from experiments and calculations; 
Fig. 7A is a graph showing the X-ray diffraction 
spectrum of InN grown while a ratio V/TMIIn of the 
amount of ammonia as a nitrogen source to the 
amount of trimethylindium (TMI) as an indium 
source is set to 160,000; 

Fig. 7B is a graph showing the X-ray diffraction 
spectrum of InN grown while a ratio V/TM! of the 
amount of ammonia as a nitrogen source to the 
amount of trimethylindium (TMI) as an indium 
source is set to 320,000; 

Fig. 7C is a graph showing the X-ray diffraction 
spectrum of InN grown while the ratio V/TMI of the 
amount of ammonia as a nitrogen source to the 
amount of trimethylindium (TMI) as an indium 
source is set to 660,000; 

Fig. 8 is a sectional view schematically showing an 
example of the an-angement of a semiconductor 
light-emitting device according to another embodi- 
ment of the invention; 

Fig. 9 is a graph showing the relationship between 
the In composition of a solid phase in the growth of 
InGaN and the ratio of the supply amount of TMI to 
the total supply amount of Group III source; 
Fig, 10 is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 11 Is a sectional view schematically showing an 
example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 12 is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 13 is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 14A Is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 14B is a sectional view schematically showing 
an example of the arrangement of part of the sem- 
iconductor light-emitting device according to still an- 
other embodiment of the invention; 
Fig. 15 is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
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light-emitting device according to still another em- 
bodinnent of the invention; 
Fig. 16 is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Rg. 17A is a sectional view schematically showing 
an example of the arrangement of a semiconductor 
light-emitting device according to still another em- 
bodiment of the invention; 
Fig. 17B Is a perspective view schematically show- 
ing an example of the arrangement of the semicon- 
ductor light-emitting device according to still anoth- 
er embodiment of the invention; 
Fig. 1 8 is a graph showing the characteristics of the 
semiconductor light-emitting device in Fig. 1 7A; and 
Fig. 19 Is a schematic bend structure for explaining 
a carrier overflow. 

Description of the Preferred Embodiments 

[0023] The embodiments of the invention will be de- 
scribed in detail below with reference to the accompa- 
nying drawings. 



[First Embodiment] 

[0024] Fig. 1 A shows an example of the arrangement 
of a semiconductor light-emitting device , whereas 
[0025] Fig. 1 B shows a cross-sectional view of a sem- 
iconductor laser with an oscillation wavelength of 0.4p.m 
or more, as an example, in a direction In which guided 
light propagates back and forth in the cavity, i.e., along 
a direction perpendicular to the axis of the cavity. 
[0026] This semiconductor laser has a 20-nm thick 
buffer layer 1 03 made of GaN fomned on the upper sur- 
face of a 330-nm thick single-crystal substrate 101 
made of (0001 )-oriented sapphire (single-crystal AI2O3) 
through a nitride layer 1 02 with a nitridation depth of 1 .2 
nm, a 4-nm thick electrode layer 104 made of Si-doped 
n-type GaN, and a 0.5-jim thick cladding layer 1 05 made 
of Si-doped n-type Alo^Gao qN. Note that the single- 
crystal substrate 101 is not limited to sapphire. For ex- 
ample, this substrate may be made of a crystal such as 
silicon carbide (SIC), zinc oxide (ZnO), or lithium gallate 
(LiGaOg). 

[0027] In addition, on the cladding layer 105, the fol- 
lowing layers are formed: a 0.6-jxm thick guiding layer 
1 06 made of Si-doped n-type GaN, a 20-nm thick active 
layer 1 07 made of InN . a 1 0-nm thick growth cover layer 
1 08 made of undopcd GaN, a 0.55-nm thick guiding lay- 
er 109 made of Mg-doped p-type GaN, a 0.5-^m thick 
cladding layer 110 made of Mg-doped p-type 
Alo.1Gao.9N, and a 0.1 -nm thfck contact layer 111 made 
of Mg-doped p-type GaN. 

[0028] A current limiting insulating layer 112 which is 
made of SiOg and has a groove with a width of about 2 
fim to limit a current injection region is formed on the 



contact layer 111. Note that the above groove is formed 
parallel to the propagating direction of light in the cavity 
of this semiconductor laser. A p-type metal electrode 
1 1 3 which is in contact with the contact layer 1 1 1 through 
s the above groove is fomned on the cunrent limiting insu- 
lating layer 112. Although not shown, the p-type metal 
electrode 113 has a multilayer structure constituted by 
a 50-nm thick palladium layer in direct contact with the 
contact layer 111, a 30-nm thick platinum layer fonned 
10 on the palladium layer, and a 200-nm thick gold layer 
fomied on the platinum layer 

[0029] Note that the electrode layer 104 has an ex- 
posed region formed by partly etching the respective 
layers fonmed thereon, and an n-type metal electrode 
'5 114 in this exposed region. Although not shown, the n- 
type metal electrode 114 has a multilayer structure con- 
stituted by a 50-nm thick titanium layer in direct contact 
with the exposed region, a 30-nm thick platinum layer, 
and a 200-nm thick gold layer. The cavity length of the 
20 semiconductor laser shown in Fig. 1 is about 500 jim. 
[0030] Fig. 2 shows an optical power/current charac- 
teristic (CW characteristic) and voltage/current charac- 
teristic obtained as results of measuring the semicon- 
ductor laser in Figs. 1 A and 1 B, mounted junction up on 
25 a heat sink, at room temperature by using a DC current. 
The semiconductor laser shown In Figs. 1A and 18 
caused CW oscillation at room temperature with a 
threshold current of 82 mA. The resultant oscillation 
wavelength was 1 .60 ^m. The operating voltage at this 
30 time was 2.8 V. A built-in voltage V^, was about 1 .2 V. 
[0031] When In^.xGaxN (0 < X < 0.4) is used for a 
light-emitting structure including an active layer as in the 
prior art, the built-in voltage is a little less than 4 V. 
Note that the semiconductor laser in Figs. 1A and 1B 
35 exemplifies the laser using InN for the active layer 1 07. 
However, In^.x-YGaxAlyN (O^X.Y^i,o^X + Y<1) 
having a larger bandgap than InN may be used for an 
active layer. In this case, the oscillation wavelength can 
be further decreased to, for example, 0.4 jim. 
40 [0032] InGaAIN (Ini.x.yGaxAlyN (0 g X, Y§ 1 , 0 g X 
+ Y ^ 1) will be described below. 
[0033] Conventionally, there has been no idea of ap- 
plying InGaAIN materials to semiconductor light-emit- 
ting devices (semiconductor lasers) with wavelengths of 
45 1 .3 ^im to 1 .58 ^im which fall in the optical communica- 
tion wavelength range or semiconductor light-emitting 
devices designed to obtain light In a wavelength range 
longerthan the wavelength of orange light. This was be- 
cause the bandgap energy (Eg) of InN, which has the 
50 smallest Eg among these materials, was 1 .9 to 2.1 eV. 
In the times when such Eg was measured, InN was 
fonned by reactive sputtering or the like, and only poly- 
crystalline InN could be fonned. That is, the above band- 
gap measurement result was obtained from polycrystal- 
55 line InN (reference 1 : K. Osamura, K. Nakajima and Y 
Murakami, Solid State Comm., 1 1 (1 972) 61 7, reference 
2: N. Puychevrierand M. Menoret, Thin Solid Films, 36 
(1976) 141, and reference 3: TL. Tansley and CP. Fo- 
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ley. J. Appl. Phys., 59 (1986)). 
[0034] Of compounds AIN, GaN, and InN constituting 
InGaAIN, the equilibrium vapor pressure of nitrogen on 
the solid phase of InN is five orders of magnitude higher 
than those of the remaining compounds (reference 4: T. 
Matsuoka, H. Tanaka, T Sasaki and A. Katsui, "Wide- 
Gap Semiconductor (In, Ga) N", International Symposi- 
um on GaAs and Related Compounds, (Karuizawa, Ja- 
pan, 1989); in Inst. Phys. Conf. Ser, 106. pp. 141 - 146). 
It is almost impossible to forni a high-quality crystal us- 
ing InN having such characteristics by a method like re- 
active sputtering in which the pressure In vessel used 
for the fomiatlon of a film cannot be increased. Since 
attempts were also made to fonn an InN film on a glass 
substrate, no lattice infonnatlon about single-crystal 
growth could be obtained, and no single crystal could 
be grown. 

[0035] Under the circumstances, the present inven- 
tors tried to grow single-crystal InN on a single-crystal 
sapphire substrate by using metalorganic vapor phase 
epitaxy (to be referred to as MOVPE hereinafter) In 
which a nitrogen pressure can be applied, and achieved 
the worid's first success In single-crystal growth in 1 989, 
The present Inventors reported this result at an academ- 
ic conference in 1989 (reference 5: Takashi Matsuoka, 
Toru Sasaki, Hirotsugu Sato, and Akinori Katsui. "InN 
EPITAXIAL GROVm^ by MOVPE", Extended Abstracts 
on the 36th Meeting of the Japan Society of Applied 
Physics and Related Societies, p. 270 (1p-ZN-10) 
(1989)). 

[0036] The crystallinlty of the single crystal obtained 
at this time, however, was Insufficient, and hence this 
technique fell short of obtaining the optical characteris- 
tics of InN. The present inventors made various techni- 
cal improvements afterward, and achieved the world's 
first success in growing high-quality single-crystal InN 
whose optical characteristics could be measured in 
2001 (reference 6: Takashi Matusoka, Masahi Nakao. 
Hiroshi Okamoto. HiroshI Harlma, EijI Kurlmoto, and 
MegumI Hagiwara, "OPTICAL BANDGAP ENERGY of 
InN", Extended Abstracts on the 49th Meeting of the Ja- 
pan Society of Applied Physics and Related Societies, 
p. 392(29p-ZM-1) (2002); the deadline for a manuscript 
in the Society of Applied Physics: January 8, 2002; the 
meeting: from 27 to 30 March; and the announcement 
date: March 29). 

[0037] The first technical improvement to grow the 
above high-quality single-crystal InN was to form in ad- 
vance GaN having an intermediate lattice constant be- 
tween those of sapphire and InN on a sapphire sub- 
strate. In this case, a GaN layer is required to have high 
crystallinlty. For this reason, the growth conditions for 
GaN were optimized In the following points: 

1 . cleaning of the surface of a sapphire substrate in ^ 
the reactor; 

2. nitridation of the sapphire surface with ammonia; 

3. low-temperature growth of GaN as a buffer layer 



to reduce lattice-mismatch between sapphire and 
GaN; 

4. high-temperature annealing to form the above 
buffer layer into a single crystal; and 
s 5. high-temperature growth of high-quality GaN. 

[0038] The second technical Improvement was to ex- 
amine the growth conditions for InN on GaN grown un- 
der the conditions optimized in the above manner. The 

10 items examined were a growth temperature, a growth 
rate, the ratio of a Group V source to an In source, a gas 
flow rate In the reactor, and the like. As a result of the 
examination on these Items, the present inventors 
gained the first success in growing InN whose optical 

^5 characteristics could be measured. At present, an InN 
layer can be directly formed on a sapphire layer without 
forming any GaN layer therebetween. 
[0039] Figs. 3 and 4 show the characteristics of a 
formed InN film. 

^0 [0040] As shown In Fig. 3, in the fonmed InN film, a 
clear absorption edge is detected from optical absorb- 
ance. Since this relationship is almost linear, InN can be 
regarded as a linear transition type, and the Eg can be 
estimated as about 0.8 eV. 

?5 [0041 ] From Fig. 4 it is obvious that light emission oc- 
curred near a wavelength of 1 .65 jim (0.75 eV). Both the 
measurement results of absorbance and photolumines- 
cence shown in Figs. 3 and 4 indicate that the Eg of the 
InN film formed under the above condition is 0.8 eV. 

0 From these results, it can be estimated that the Eg of 
InN is near 0.8 eV. 

[0042] The above various technical improvements 
and longtime efforts have revealed for the first time that 
the Eg of single-crystal InN is 0.8 eV which is 1/2 or less 

35 of the measurement results in the past. 

[0043] In Fig. 5 the broken lines represent the con- 
ventional data, and the solid lines represent the result 
in which the data (Eg = 0.8 eV) obtained by the present 
inventors is reflected. 

40 [0044] As Is obvious from the above description, a 
high-power, high-To semiconductor light- emitting de- 
vtee can be manufactured by forming a double-heter- 
ostructure or quantum well structure using In^.x-yGaxA- 
lyN (0 ^ X, Y ^ 1. 0 ^ X + Y < 1). For example, Tq. 

« which was about 60 K in the prior art, can be increased 
to about 150 K. In addition, as a device designed to emit 
light with a wavelength of 1 .48 jim, which had a difffculty 
in crystal growth using a conventional material, a device 
having good characteristics can be manufactured be- 

*o cause a material can be easily grown under a thermal 
equilibrium condition. Furthemiore, as light-emitting de- 
vices such as lasers and LEDs for emitting light in the 
yellow, blue, and green regions, devices having good 
characteristics can be manufactured. 

5 [0045] As compared with InGaAsP. InGaAIN exhibits 
high spin split-off energy Asp at the r point in the valence 
band. For this reason, the Auger effect of InGaAIN Is 
small, so the temperature characteristic of the light-emit- 
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ting device improves. When a heterostructure is formed 
by using InGaAIN, a band discontinuity AEc in the va- 
lence band becomes large. Forthis reason, the overflow 
of carriers can be reduced. As a consequence, in a light- 
emitting device using InGaAIN, heat generation Is sup- 
pressed, and the temperature characteristic Improves. 
[0046] When the thicknesses of a well layer (active 
layer) of a quantum well structure and barrier layer are 
controlled by using pure InN for the well layer and a com- 
position other than InN, e.g., In^.x-yGaxAlYN (0 s x. Y 
^ 1 . 0 < X + Y < 1 ), for the barrier layer, a semiconductor 
light-emitting device designed to emit light at a wave- 
length of 1 .48 nm, which is difficult to manufacture with 
a high-quality crystal by using an InGaAsP-based ma- 
terial, can be manufactured. Obviously, even if In^.x-yG- 
axAlyN (0 ^ X, Y g 1. 0 < X + Y < 1) is used for the 
active layer instead of pure inN, a semiconductor light- 
emitting device designed to emit light at 1 .48 ^im can 
also be manufactured. 

[0047] Fig. 6 shows the immiscible regions of In- 
GaAIN which are obtained from experiments and calcu- 
lations (reference 7: T. Matsuoka, "Phase Separation in 
Wurtzite In^.x-yGaxAlvN", MRS Internet J. Nitride Sem- 
icond. Res. 3, 54 (1998)). Referring to Fig, 6. the chain 
lines indicate the immiscible region of InGaAIN when it 
grows at 600*»C; the solid lines, the immiscible region of 
InGaAIN when it grows at 800*»C; and the broken lines, 
the immiscible region of InGaAIN when It grows at 
1 .OOO'C. The regions inside the respective lines are the 
immiscible regions. 

[0048] As shown in Fig. 6, some composition regions 
cannot grow under a thermal equilibrium condition. With 
a composition indicated In a miscible region outside the 
immiscible regions, the semiconductor light-emitting de- 
vice shown in Figs. 1 A and 1 B can be formed under the 
thennal equilibrium condition by controlling the compo- 
sition and thickness of a quantum well structure. With 
regard to a light-emitting device in the visible region as 
well, a crystal layer that fomis the structure of a light- 
emitting layer including an active layer can be grown un- 
der thermal equilibrium condition, and a large band dis- 
continuity can be set in the conduction band. Therefore, 
a light-emitting device having good characteristics can 
be manufactured. 

[0049] According to this embodiment, therefore, a 
light-emitting device which operates with high power 
and high reliability near 1 ,48 p.m can be provided as. for 
example, an excitation light source for a fiber amplifier. 
As a consequence, the output power of the fiber ampli- 
fier increases, and the transmission distance of optical 
communication increases. In addition, the application of 
the structure shown in Figs. 1A and IB to the wave- 
length region of 1 .55-nm will realize high power/high Tq 
and hence a long-haul and high-bit-rate transmission 
system, 

[0050] In addition, LEDs or semiconductor lasers in 
the visible region can be provided, which are much high- 
er in luminous efficiency than conventional devices and 



have longer device lifetimes. 
[0051] Furthennore, the semiconductor light-emitting 
device using InN according to this embodiment Im- 
proves in stability with respect to environmental 
s temperature , as will be described next. If a change in 
the bandgap energy (Eg) of a semiconductor material 
with temperature is defined as "{Eg(300) - Eg(0)}/Eg{0)", 
InAs exhibits a change of 0.12, and GaAs exhibits a 
change of 0.57. InP exhibits a change of 0.48. In this 
10 case, Eg(300) represents an Eg at 300 K, and Eg(0) rep- 
resents an Eg at 0 K. Such a description is made in ref- 
erence 8 (Q. Guo and A. Yoshida, Jn. J. Appl. Phys., 34 
(1995) 4653)). 

[0052] When the present inventors measured a 
IS change in the Eg of InN with temperature, the measured 
value became much smaller than the above mentioned 
values. This finding obtained by the present inventors 
differs from the contents concerning InN disclosed in ref- 
erence 8. InP which is currently used as a main material 
20 for a semiconductor light-emitting device for optical 
communication emits light with a wavelength of 925 nm 
at 300 K, and emits light with a wavelength of 919 nm 
at 280 K. As described above, in a semiconductor light- 
emitting device using InP. as the temperature changes 
25 by 20''C, the wavelength shifts by as much as 6 nm. 
[0053] In contrast to this, in a semiconductor light- 
emitting device using InN. even if the temperature 
changes by 20''C, almost no wavelength shift is ob- 
served. As described above, a semiconductor light- 
30 emitting device using InN hardly exhibits a wavelength 
change with respect to a change in environmental tem- 
perature. Forthis reason, if, for example, a semiconduc- 
tor light-emitting device using InN is applied to a com- 
munication system, the stability of the communication 
35 system can be greatly improved. 

[0054] A method of manufacturing the semiconductor 
light-emitting device shown in Figs. 1A and IB will be 
described next. An equipment of metalorganic vapor 
phase epitaxy having a vertical-type reactor is used for 
^0 crystal growth for the formation of each crystal layer. As 
a nitrogen source, ammonia is used. As a carrier gas, 
nitrogen gas is used for the growth of a layer containing 
In, and hydrogen gas Is used for the growth of a layer 
containing no In. Atmospheric pressure is held in the re- 
^5 actor during growth. 

[0055] First of all, the substrate temperature is set at 
1 ,050''C, and the surface of the single-crystal substrate 
101 made of sapphire is nitrided in an ammonia atmos- 
phere to fomri the nitride layer 1 02. Thereafter, the sub- 
50 strate temperature is set at 550*^0, and the buffer layer 
103 is formed by growing GaN. In the growth of this 
GaN, trimethylgallium (TMG) can be used as an organic 
metal serving as a gallium source, in addition to triethyl- 
gallium (TEG). Merits of TEG over TMG are that TEG 
55 has low vapor pressure, is suited to supply of a small 
amount of Ga, readily decomposes at a low temperature 
of 550*C, and allows no carbon which is a constituent 
element of the source to be taken in the grown layer. 
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[0056] Subsequently, the single-crystal substrate 1 01 
Is annealed at 1 ,050»C for 9 min to fomri the buffer layer 
103 into a single crystal. The temperature of the single- 
crystal substrate is then set at 1.020*»C, and Si-doped 
n-type GaN, Si-doped n-type AIq ^GaogN. and Si-doped 
GaN are sequentially grown to form the electrode layer 
104, cladding layer 105, and guiding layer 106. As alu- 
minum source for the vapor phase growth of these lay- 
ers, trimethylaluminum (TMA) is used. As gallium 
source, trimethylgallium (TMG) Is used, which Is rela- 
tively high in vapor pressure and suitable for the supply 
of a large amount of source. Silane (SIH4) gas which Is 
diluted with hydrogen and has a concentration of 1 ppm 
is used to dope each layer with Si. Note that the same 
source is used for Si doping in the process of growing 
each layer (to be described later). 
[0057] InN is then grown on the guiding layer 1 06 to 
form the active layer 107. In the growth of InN. since the 
nitrogen equilibrium vapor pressure of InN between the 
solid phase and gas phase is high, the substrate tem- 
perature is set at 500*C. In this growth process. In order 
to grow high-quality InN by preventing precipitation of 
metal In, the ratio of ammonia to TMI. i.e.. V/TMI (V/lll). 
is set to 660,000. 

[0058] Figs. 7A, 73, and 7C show, as an example of 
the relationship between growth conditions for InN and 
crystallinity, the X-ray diffraction spectra of InN grown 
while a ratio V/TMI of the amount of ammonia as a ni- 
trogen source supplied to the reactor to the amount of 
trimethylindium (TMI) as an indium source supplied to 
the reactor is changed. Figs. 7A. 73, and 7C show o>-2 
G scan spectra. As shown in Figs. 7A and 7B, in the films 
grown under the conditions that V/lll is set to 160,000 
or less and to 320,000. signals from metal Indium are 
observed. In contrast to this, in the film grown under the 
condition that V/lll is set to 660,000 as shown in Fig. 7C, 
the peak of metal Indium disappears, and hence it is 
known that no metal indium is contained. 
[0059] Nitrogen Is used both as a TMI earner gas and 
a bubbling gas. This is because the use of hydrogen as 
these gases will suppress the decomposition of ammo- 
nia and decreases the effective V/lll ratio, resulting In 
inhibition of the growth of InN (reference 5). 
[0060] GaN is grown at SOO'^C, which Is the same 
growth temperature for InN, by using a nitrogen carrier 
gas to suppress etching to the active layer 107 and a 
deterioration in its crystallinity, thereby forming the 
growth cover layer 1 08. After the growth cover layer 1 08 
is formed, the substrate temperature is raised to 
1 ,020®C to improve the quality of the growth cover layer 
108. Subsequently. Mg-doped p-type GaN, Mg-doped 
p-type AIq .,Gao 9N, and Mg-doped p-type GaN are se- 
quentially grown to form the guiding layer 109, cladding 
layer 110, and contact layer 111 . 
[0061] As a source for Mg doping, bis(methylcy- 
clopentadienyl)magneslum is used. This source is a liq- 
uid, which is advantageous in controllability and repro- 
ducibility of the doping concentration of Mg over bis(cy- 



clopentadienyQmagnesium which is a generally used 
solid source. 

[0062] After the guiding layer 1 09. cladding layer 110, 
and contact layer 1 11 are fomried, the resultant structure 
s is annealed in a nitrogen atmosphere at 700»C for 30 
min to activate Mg added to these layers. 
[0063] After the respective crystal layers described 
above are formed, the current limiting insulating layer 
112 made of Si02 is formed on the contact layer 111 by 
10 using an RF magnetron sputter apparatus, and a groove 
is formed in the current limiting insulating layer 112 by 
the known photolithography technique and etching tech- 
nique. 

[0064] After the groove Is formed in the current limiting 
'5 insulating layer 112, a 60-nm thick palladium film, a 
30-nm thick platinum film, and a 200-nm thick gold film 
are sequentially deposited and stacked on the current 
limiting insulating layer 112 including the groove by us- 
ing an electron beam deposition apparatus, thereby 
20 forming a metal layer serving as the p-type metal elec- 
trode 113. This metal layer Is patterned by using a lift- 
off technique. Thereafter, a novolac-based positive pho- 
toresist pattern is fonned by the known photolithography 
technique, and the crystal layer is etched by using this 
25 pattern as a mask to form an exposed region on the elec- 
trode layer 104. The crystal layer Is etched by reactive 
ion etching using chlorine gas. 
[0065] After etching for the fomiation of the above ex- 
posed region, removal of the photoresist pattern, and 
30 cleaning of the single-crystal substrate 101 and the 
structure formed thereon, a 50-nm thick titanium film, a 
30-nm thick platinum film, and a 20-nm thick gold film 
are sequentially deposited on the exposed region of the 
electrode layer 104, and the resultant structure is pat- 
35 terned to fomi the n-type metal electrode 1 1 4. This metal 
layer is patterned by using the lift-off technique. 
[0066] After the manufacturing process is completed 
up to the formation of the n-type metal electrode 114 
through the above steps, the resultant structure is fixed 
^0 on a polishing base to polish the lower surface of the 
single-crystal substrate 1 01 so as to thin it to a thrckness 
of 50 Jim while mirror-finlshing the polished surface. 
When the single-crystal substrate 101 polished without 
min'or-finishing is removed from the polishing base, the 
^5 single-crystal substrate 101 may warp or crack. For this 
reason, the lower surface is mirror-finished. Thereafter, 
the resultant structure is cleaned, and predetermined 
portions are cut by cleavage or the like, thereby obtain- 
ing the semiconductor light-emitting device shown in 
so Figs. 1 A and IB. 

[Second Embodiment] 



[0067] Fig. 8 shows an example of the arrangement 
55 of a semiconductor light-emitting device according to 
another embodiment. An LED (Light-Emitting Diode) will 
be exemplified. Fig. 8 shows the structure of the LED. 
This LED includes the following layers on the upper sur- 



9 



15 



EP1 389 814 A2 



16 



face of a 330- thick single-crystal substrate 201 
made of (0001 )-oriented sapphire (single-crystal AI2O3) 
having both surfaces, i.e., the upper and lower surfaces, 
polished to mirror surfaces: a 20-nm thick buffer layer 
202 made of GaN, a thick electrode layer 203 5 
made of Si-doped n-type GaN, and a O.S-p.m thick clad- 
ding layer 204 made of Si-doped n-type Alo.iGao.gN. 
Note that the single-crystal substrate 201 is not limited 
to sapphire. For example, this substrate may be made 
of a crystal such as silicon carbide (SiC). zinc oxide 10 
(ZnO). or lithium gallate (UGa02). 
[0068] On the cladding layer 204, the following layers 
are formed: a 50-nm thick active layer 205 made of InN, 
a 1 0-nm thick growth cover layer 206 made of undoped 
GaN, a O.S-jxm thick cladding layer 207 made of Mg- '5 
doped p-type Alo^Gao gN. and a 0.1 -jim thick contact 
layer 208 made of Mg-doped p-type GaN. A current lim- 
iting insulating layer 209 which has a substantially cir- 
cular opening window with a diameter of about 20 pjm 
to limit a current injection region is fomned on the contact 20 
layer 208. 

[0069] A p-type metal electrode 210 which is in con- 
tact with the contact layer 208 through the opening win- 
dow Is formed on the current limiting insulating layer 
209. The p-type metal electrode 210 has a multilayer 25 
structure constituted by a 50-nm thick nickel layer in di- 
rect contact with the contact layer 208 and a 200-nm 
thick gold layer formed thereon. Note that the electrode 
layer 203 has an exposed region formed by partly etch- 
ing the respective layers formed thereon, and an n-type 30 
metal electrode 211 in this exposed region. The n-type 
metal electrode 211 has a multilayer structure constitut- 
ed by a 50-nm thick aluminum layer in direct contact with 
the exposed region and a 200-nm thick gold layer 
fomied thereon. 35 
[0070] A method of manufacturing the semiconductor 
light-emitting device shown in Fig. 8 will be described 
next. An equipment of metalorganic vapor phase epi- 
taxy having a vertical-type reactor is used for crystal 
growth for the fonnation of each crystal layer. As a nl- 40 
trogen source, ammonia is used. As a earner gas, nitro- 
gen gas is used. The growth pressure Is set to atnios- 
pheric pressure. 

[0071] First of all, the substrate temperature is set at 
1 .050''C, and the surface of the single-crystal substrate 
201 made of sapphire is nitrided in an ammonia atmos- 
phere. Thereafter, the substrate temperature is set at 
550^0, and the buffer layer 103 is formed by growing 
GaN. In the growth of this GaN. triethylgallium (TEG) is 
used as a gallium source, whk:h has low vapor pressure, so 
is suited to supply of a small amount of Ga, readily de- 
composes at a low temperature of 550*^0, and allows no 
carbon which is a constituent element of the source to 
be taken in the grown layer Subsequently, the single- 
crystal substrate 201 is annealed at 1 .OSO^'C for 9 min ss 
to fomri the buffer layer 202 Into a single crystal. 
[0072] The temperature of the single-crystal substrate 
is then set at 1 ,020*C, and Si-doped n-type GaN and 



Si-doped n-type AlojGao.gN are sequentially grown to 
form the electrode layer 203 and cladding layer 204. As 
an aluminum source for the vapor phase growth of these 
layers, trimethylaluminum (TMA) is used. As a gallium 
source, trimethylgallium (TMG) is used, which has a rel- 
atively high vapor pressure. Silane {S\H^ gas which is 
diluted with hydrogen and has a concentration of 1 ppm 
is used to dope each layer with Si. 
[0073] InN is then grown on the cladding layer 204 to 
form the active layer 205. In the growth of InN, since the 
nitrogen equilibrium vapor pressure of InN between the 
solid phase and gas phase is high, the substrate tem- 
perature Is set at 500*C, In addition, in this vapor phase 
growth, trimethylindium (TMI) is used. In this growth 
process, in order to grow high-quality InN by preventing 
precipitation of metal In, the ratio of ammonia to TMI, i. 
e., V/lll, is set to 660,000. Nitrogen is used both as a 
earner gas and a bubbling gas. This Is because the use 
of hydrogen will suppress the decomposition of ammo- 
nia. 

[0074] GaN is grown at 500*'C, which is the same 
growth temperature for InN, by using a nitrogen canier 
gas to suppress etching up to the active layer 207 and 
deterioration in its crystallinity, thereby forming the 
growth cover layer 206. After the growth cover layer 206 
is fomned, the substrate temperature is raised to 
1 ,020'G to improve the quality of the growth cover layer 
206. Subsequently, Mg-doped p-type AIq .,GaQ gN. and 
Mg-doped p-type GaN are sequentially grown to form 
the guiding layer 207 and contact layer 208. 
[0075] As a source for Mg doping, bis(methylcy- 
clopentadienyl)magnesium is used. This source is a liq- 
uid, whk;h is advantageous in controllability and repro- 
ducibility of the doping concentration of Mg over bis(cy- 
clopentadienyl)magnesium which is a generally used 
solid source. 

[0076] After the guiding layer 207 and contact layer 

208 are formed, the resultant structure is annealed in a 
nitrogen atmosphere at 700*»C for 30'min to activate Mg 
added to these layers. 

[0077] After the respective crystal layers described 
above are formed, the current limiting insulating layer 

209 made of SIO2 is fomied on the contact layer 208 by 
using an RF magnetron sputter apparatus, and an open- 
ing window is fonned In the current limiting insulating 
layer by the known photolithography technique and 
etching technique. 

[0078] After the opening window is fomied in the cur- 
rent limiting insulating layer 209, a 50-nm thick nickel 
film and a 200-nm thick gold film are sequentially de- 
posited and stacked on the cun-ent limiting insulating 
layer 209 including the opening window by using an 
electron beam deposition apparatus, thereby forming a 
metal layer serving as the p-type metal electrode 210. 
Thereafter, a novolac-based positive photoresist pattern 
is fonned on the metal layer by the known photolithog- 
raphy technique, and the metal layer and crystal layer 
are etched by using this pattern as a mask to form an 
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exposed region on the electrode layer 203. The crystal 
layer is etched by reactive Ion etching using chlorine 
gas. 

[0079] After etching for the fonnation of the above ex- 
posed region, removal of the photoresist pattern, and 
cleaning of the single-crystal substrate 201 and the 
structure formed thereon, a 50-nm thick aluminum film 
and a 200-nm thick gold film are sequentially deposited 
on the exposed region of the electrode layer 204, and 
the resultant structure Is patterned to form the n-type 
metal electrode 211. 

[0080] After the manufacturing process Is completed 
up to the fomnation of the n-type metal electrode 211 in 
the above manner, the single-crystal substrate 201 is 
cleaned and cut in a predetemnined size by using a dia- 
mond scriber, thereby extracting a device. With this 
process, a chip having the semiconductor light-emitting 
device shown in Fig. 8 is obtained. 
[0081] In the semiconductor light-emitting device 
shown in Fig. 8, the active layer is made of InN. By con- 
trolling the composition and thickness of the active layer, 
desired color light can be obtained, ranging from light 
with a wavelength near the bandgap wavelength of InN, 
1 .6 Jim, to blue light. The use of InN for the active layer 
greatly improves reproducibility and in-plane unifomiity 
on the substrate as compared with the use of InGaN for 
the active layer. This is because InN and InGaN greatly 
differ in the compositions of gas and solid phases in va- 
por phase growth. 

[0082] Fig. 9 shows a result of composition control on 
InGaN. In the growth of InGaN, the composition ratio of 
a gas phase to a solid phase is linear at a growth tem- 
perature (substrate temperature) of 500*^0. Note that a 
composition for InGaN Is selected In a region outside 
the immiscible region shown In Fig. 6. At a growth tem- 
perature of 800**C, however, the composition ratio of a 
gas phase to a solid phase become nonlinear in a region 
where the solid phase composition ratio of indium (TMt) 
is high. As shown In this graph, In metalorgante vapor 
phase epitaxy, as the growth temperature increases, the 
amount of indium taken in an InGaN film in the process 
of growth decreases. This is because the equilibrium va- 
por pressure of nitrogen of InN is five orders of magni- 
tude higher than that of GaN. 
[0083] As described above, the use of InN for an ac- 
tive layer eliminates the necessity of composition control 
and makes It possible to ensure reproducibility of a 
growth process and unifomiity of crystallinity as com- 
pared with the use of InGaN for an active layer. In addi- 
tion, since no phase separation theoretically occurs, lay- 
ers with uniform compositions can be obtained. 
[0084] Note that the use of In^.x.YGaxAlyN (0 ^ X, Y 
^1,0^X + Y<1). which Is larger in bandgap than InN, 
for an active layer makes it possible to obtain light with 
a shorter wavelength. 

[0085] In addition, a light-emitting portion may have a 
multi-quantum well structure. For example, a light-emit- 
ting portion may be formed from a multi-quantum well 



structure fonmed by stacking following three layers: a 
well layer made of lno.95Gao.05N and barrier layers 
made of Si-doped lno.05Gao.1Alo.85N sandwfehing the 
well layer. 

5 

(Third Embodiment] 

[0086] A case wherein the structure of the invention 
is applied to a semiconductor laser in which a light-emit- 

10 ting portion has a multi-quantum well structure will be 
described next. Fig. 10 shows an example of such em- 
bodiment. The semiconductor laser shown Includes the 
following layers on the surface of a 330-^m thick single- 
crystal substrate 301 made of (0001 )-oriented sapphire 

IS (single-crystal AlgOg): a 20-nm thick buffer layer 302 
made of GaN, a 4-^m thick electrode layer 303 made of 
Sl-doped n-type GaN, and a 0.5-fim thick cladding layer 
304 made of Sl-doped n-type Alo.i4Gao qsN. Note that 
the single-crystal substrate 301 is not limited to sap- 

20 phire. For example, this substrate may be made of a 
crystal such as silicon carbide (SIC), zinc oxide (ZnO), 
or lithium gallate (LiGa02). 

[0087] On the cladding layer 304, a multi-quantum 
well structure 305 is fomied, which is formed by stacking 

25 the following three layers: a well layer made of 
lno.g5Gao.05N and barrier layers made of Si-doped 
lno.05Gao.1Alo.85N sandwiching the well layer. On the 
multi-quantum well structure 305, a 0.5-jim thick clad- 
ding layer 306 made of Mg-doped p-type Alo^4Gao.86N 

30 and a 0.1 -^m thick contact layer 307 made of Mg-doped 
p-type GaN are formed. A current limiting insulating lay- 
er 308 which has a substantially circular opening win- 
dow with a diameter of about 20 \im to limit a current 
injection region is formed on the contact layer 307. 

35 [0088] A p-type metal electrode 309 which is in con- 
tact with the contact layer 307 through the opening win- 
dow Is fomied on the cun'ent limiting insulating layer 
308. The p-type metal electrode 309 has a multilayer 
structure constituted by a 50-nm thick palladium layer 

40 in direct contact with the contact layer 307. a 30-nm thick 
platinum layer fomied thereon, and a 200-nm thick gold 
layer fomied thereon. This metal layer is pattemed by 
using the lift-off technique. The electrode layer 303 has 
an exposed region formed by partly etching the respec- 

4s tive crystal layers fomied thereon, and an n-type metal 
electrode 310 in this exposed region. The n-type metal 
electrode 310 has a multilayer structure constituted by 
a 50-nm thick titanium layer In direct contact with the 
exposed region, a 30-nm thick platinum layer, and a 

50 200-nm thick gold layer. 

[0089] In the device shown in Fig. 1 0, light emission 
at wavelengths ranging from a wavelength of 0.62 \im 
to a wavelength shorter than the wavelength corre- 
sponding to the bandgap energy of InN can be produced 

55 by changing the compositions of the active layer and 
cladding layer and the well layer thickness of the quan- 
tum well structure. For example, yellow and orange light 
emission can be produced. According to the convention- 
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al idea, a light-emitting device in this wavelength range 
could not made of InGaAIN. As described above, how- 
ever, owing to the finding by the present inventors that 
the bandgap energy of InN is near 0.8 eV, such a device 
was manufactured for the first time. By controlling the 
composition of each layer forming this structure, a 
1 .48-jim laser In which the excitation efficiency of an op- 
tical communication fiber amplifier using a glass fiber is 
high or a 1 .55-jxm semiconductor laser with a large Tq 
can be obtained. 

[Fourth Embodiment] 

[0090] Fig. 11 shows an example of the arrangement 
of a semiconductor light-emitting device according to 
another embodiment. This device is a white light-emit- 
ting diode having three light-emitting layers. Fig. 11 
shows a cross-section of this device In a direction of 
thickness in crystal growth. 

[0091] This light-emitting diode includes the following 
layers on the surface of a 330-jim thick single-crystal 
substrate 1101 made of (OOOI)-oriented sapphire (sin- 
gle-crystal AI2O3): a 20-nm thfck buffer layer 1 1 02 made 
of GaN, a 4-^m thick electrode layer 1103 made of Si- 
doped n-type GaN, and a 0.5-^m thick cladding layer 
(first cladding layer) 1104 made of Si-doped n-type 
Alo^Gao gN. Note that the single-crystal substrate 1 1 01 
is not limited to sapphire. For example, this substrate 
may be made of a crystal such as silicon carbide (SiC), 
zinc oxide (ZnO), or lithium gallate (LiGaOg). 
[0092] On the cladding layer 1104, the following lay- 
ers are fomied: a barrier layer 1105 made of Si-doped 
n-type InGaAIN, a lower active layer (first active layer) 
1106 made of In^.^GaxN with Y = 0 in In^.x-yGaxAlyN 
(0^X.y^1.0^X + Y<1),a barrier layer 1 1 07 made 
of Si-doped n-type InGaAIN, an intermediate active lay- 
er (second active layer) 1 1 08 made of In^.xGa^N, a bar- 
rier layer 1109 made of Sl-doped n-type InGaAIN, an 
upper active layer (third active layer) 1110 made of 
ln1-X"GaX''N. and abarrierlayer 11 1 1 made of InGaAIN. 
On the barrier layer 1111 , a 0.5-pjn thick cladding layer 
(second cladding layer) 1112 made of Mg-doped p-type 
AIq jGao 9N and a 0.1 -p.m thick contact layer 1113 made 
of Mg-doped p-type GaN are fomied. 
[0093] A current limiting insulating layer 1114 which is 
made of Si02 and has a substantially circular opening 
window with a diameter of about 20 \im is fonned on the 
contact layer 1 1 1 3. A p-type metal electrode 1 1 1 5 which 
is in contact with the contact layer 1113 through the 
opening window is fonned on the current limiting insu- 
lating layer 1114. Although not shown, the p-type metal 
electrode 1115 has a multilayer structure constituted by 
a 50-nm thick palladium layer in direct contact with the 
contact layer 1113, a 30-nm thick platinum layer formed 
thereon, and a 200-nm thick gold layer formed thereon. 
Note that the electrode layer 1113 is patterned by the 
lift-off technique. 

[0094] Note that the electrode layer 1 1 03 has an ex- 



posed region formed by partly etching the respective 
layers fonned thereon, and an n-type metal electrode 
1116 in this exposed region. Although not shown, the n- 
type metal electrode 1116 has a multilayer structure con- 
5 stituted by 50-nm thtok titanium layer in direct contact 
with the exposed region, a 30-nm thick platinum layer, 
and a 200-nm thick gold layer. Note that the metal elec- 
trode 111 6 Is patterned by the lift-off technique. 
[0095] In the device having the above arrangement, 
10 the first light-emitting structure is fonned by the bamer 
layer 1105, lower active layer 1106, and barrier layer 
1107, the second light-emitting structure is formed by 
the barrier layer 1107, intemnediate active layer 1108, 
and banrier layer 1 1 09, and the third light-emitting stmc- 
'5 ture is formed by the bamer layer 1109, upper active 
layer 1110, and barrier layer 1111. The emission wave- 
lengths of the respective light-emitting structures are set 
by controlling the compositions and thicknesses of the 
respective active layers in the manner described later 
20 such that the first light-emitting stnicture has the short- 
est emission wavelength and the third light-emitting 
structure has the longest emission wavelength. That is. 
the nearer to the single-crystal substrate 1 1 01 , the light- 
emitting structures are located, the shorter the oscilla- 
25 tion wavelengths become (the larger the bandgaps be- 
come). Therefore, the light emitted from the third light- 
emitting structure emerges from the lower surface of the 
single-crystal substrate 1 1 01 without being absorbed by 
the second light-emitting stnjcture and first llght-emit- 
30 ting structure. 

[0096] The light emitted from the second light-emitting 
structure which emerges to the first light-emitting stnic- 
ture side emerges from the lower surface of the single- 
crystal substrate 1101 without being absorbed by the 
35 first light-emitting stmcture. The light emitted from the 
second light-emitting structure which emerges to the 
third light-emitting structure side is absorbed by the third 
light-emitting structure. This absorbed light is converted 
into light equal to that of light emitted from the third light- 
^0 emitting structure, and emerges as light from the third 
light-emitting structure from the lower surface of the sin- 
gle-crystal substrate 1101. 

[0097] The light emitted from the first light-emitting 
structure which emerges to the single-crystal substrate 

^5 1101 side emerges from the lower surface of the single- 
crystal substrate 1101 without undergoing absorption 
like that described above. The light emitted from the first 
light-emitting structure which emerges to the opposite 
side to the single-crystal substrate 1 1 01 is absorbed by 

so the second or third light-emitting structure. These ab- 
sorbed light components are converted into light com- 
ponents having wavelengths equal to those of light com- 
ponents emitted from the second or third light-emitting 
structure and emerge from the lower surface of the sin- 

55 gle-crystal substrate 1101. 

[0098] In the semiconductor light-emitting device 
shown in Fig. 11, InGaN is used for each active layer 
(well layer). However, the invention is not limited to this. 
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InN can also be used for an active layer by properly set- 
ting the thickness of the active layer and the connposition 
of a barrier layer. 

[0099] in the device in Fig. 11, white light emission 
with high efficiency can be produced with suppressed 5 
loss by designing the stacking order of the respective 
light-emitting structures in consideration of the position- 
al relationship concerning the light extraction direction. 
[0100] The above semiconductor light-emitting de- 
vice in which a plurality of light-emitting structures io 
formed from active layers are stacked on each other will 
be described below. 

[0101] Conventionally, semiconductor light-emitting 
devices which can be used as white light sources are 
generally classified into three types of structures. The is 
first type is a structure which uses three types of light- 
emitting diodes for respectively emitting light beams of 
three primary colors, i.e., red, green, and blue, and 
serves as a white light source by superimposing light 
beams emitted from the diodes. 20 
[0102] The second type is a structure which uses a 
blue-green light-emitting diode having a quantum well 
structure with a well layer fomned from a ZnCdSe crystal 
grown on a ZnSe substrate and serves as a white light 
source which extracts light emission from the diode out- 2s 
side through ZnSe as the substrate. According to this 
structure, a blue-green light emission is extracted from 
the quantum well, an orange light emission from a deep 
energy level which is called an SA emission is then ex- 
tracted from a defect existing in the ZnSe substrate ow- 30 
ing to the extracted blue-green tight, and these two light 
components are mixed to obtain white light. 
[01 03] The third type is a structure obtained by mold- 
ing a semiconductor chip of a blue light-emitting diode 
with a plastic material mixed with a phosphor powder. 35 
The phosphor powder is made of a phosphor material 
that emits light ranging from yellow to red. The phosphor 
in the plastic mold is excited by blue light emitted from 
the semiconductor chip (light-emitting diode)' to emit 
light ranging from yellow to red. This third structure is ^o 
designed to obtain white light by mixing blue light from 
the semiconductor chip with light ranging from yellow to 
red from phosphor. 

[01 04] The first structure requires light-emitting diode 
chips for light beams of three colors. According to a 
practical arrangement, a total of three light-emitting di- 
ode chips for emitting red, green, and blue light beams 
are integrated. In the first structure, three color light- 
emitting diode chips are made of different materials and 
independently fomned as three color devices, and then so 
are integrated on the same substrate. In addition, ac- 
cording to the first structure, the optical powers of the 
three light-emitting diode chips must be adjusted such 
that the sum of light beams emitted from the three light- 
emitting diode chips becomes white. 55 
[01 05] For example, injection cun-ents for the respec- 
tive light-emitting diode chips were adjusted. In some 
case, the number of devices for each light emission 



color was adjusted. As described above, according to 
the first structure, many devices must be integrated, and 
injection cun^ents for the respective devices must be ad- 
justed, resulting in interfering with productivity. 
[0106] The second structure requires a ZnSe sub- 
strate which is two orders of magnitude more expensive 
than semiconductor substrates like Si and GaAs sub- 
strates which are widely used, and hence the device 
price becomes high. In addition, when a semiconductor 
light-emitting device is to be manufactured by using a 
ZnSe substrate, molecular beam epitaxy (MBE) is re- 
quired to fomn a crystal layer doped with an n-type im- 
purity (carrier). MBE is smaller in throughput than other 
growth methods. 

[01 07] Assume that a doped crystal layer can be man- 
ufactured by MBE. Even in this case, in order to obtain 
a crystal which can activate the doped carrier to in- 
crease the luminous efficiency, the following treatments 
are required: etching of the substrate, as a substrate 
treatment before crystal growth, with a special acid that 
produces no zinc oxide, and removal of a substrate ox- 
ide film within the MBE reactor with a hydrogen plasma 
treatment that does not roughen the substrate surface. 
[01 08] in order to realize the second structure, the re- 
arrangement of a crystal surface must be controlled. For 
this purpose, a reflection high-energy-electron diffrac- 
tion Image must be simultaneously observed in the proc- 
ess of growth to control a source supply ratio Vl/ll be- 
tween a Group II material and a Group VI material from 
1 .1 . to 1 .3. In contrast to this, in the growth of a general 
Group Ili-V crystal such as GaAs, a source supply ratio 
V/lll is as rough as several hundreds. A high-quality 
crystal for realizing the second structure can be grown 
only by using these advanced manufacturing tech- 
niques. 

[0109] The present inventors developed this tech- 
nique in 1997 and achieved world's first success In de- 
veloping a semiconductor laser on a ZnSe substrate (A. 
Ohki, T. Ohno andT Matsuoka, "Continuous-Wave Op- 
eration of ZnSe-Based Laser Diodes Homoepitaxially 
Grown on Semi-Insulation ZnSe Substrates", Electron. 
Lett., 33. 11 , pp. 990 - 991 (1997). T Ohno, A. Ohki and 
T. Matsuoka, "Room-Temperature CW Operation of ll-VI 
laser Grown on ZnSe Substrate Cleaned with Hydrogen 
Plasma", J. Crystal Growth, 184/185. pp. 550 - 553 
(1998). T. Ohno. A. Ohki and T. Matsuoka. "Surface 
Cleaning with IHydrogen Plasma for Low-Defect-Density 
ZnSe Homoepitaxial Growth", J. Vac. Sci. Technol. B., 
16, 4, pp. 2539 -2545 (1998). 

[0110] After the above development, however, no 
breakthrough has occurred conceming the second 
structure at both the industry and academic levels. This 
is because the crystal itself is fragile and tends to cause 
defects, which is a fundamental problem concerning the 
material. In addition, in the second structure, in particu- 
lar, a problem arises in terms of the intensity of SA emis- 
sion. In order to obtain white light by using the second 
structure, the ratio of the intensity of blue light output 
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from the light-emitting diode on the substrate to that of 
SA emission must be adjusted by controlling the thlclc- 
ness of the ZnSe substrate. Since the intensity of SA 
emission greatly depends on the properties of a mate- 
rial, this adjustment must be done in accordance with 
the properties of a ZnSe substrate every time a device 
is manufactured. This becomes a cause for interfering 
with productivity. 

[0111] According to the third structure, the conversion 
efficiency of Injection power into light is equal to the 
product of the luminous efficiency of a semiconductor 
chip and the luminous efficiency of a phosphor. Since 
each luminous efficiency will never be 100%, the light 
conversion efficiency becomes low. For example, the lu- 
minous efficiency of a semiconductor light-emitting de- 
vice is about 40%, and the luminous efficiency of a phos- 
phor is about 50%. Therefore, the conversion efficiency 
of Injection power into light in the white light-emitting de- 
vice having the third structure Is as low as about 20%. 
According to this third structure, since the efficiency is 
almost equal to that of an Incandescent lamp and lower 
than that of a fluorescent lamp, the merits of the semi- 
conductor light-emitting device (LED) are reduced. 
[0112] As described above, according to prior art, 
many manufacturing steps are required to manufacture 
a semiconductor light-emitting device for white light, and 
adjustments are required to obtain white light. This 
makes it difficult to provide an inexpensive, highly lumi- 
nous, white semiconductor light-emitting device. 
[01 13] In contrast to the prior art described above, ac- 
cording to the semiconductor light-emitting device 
shown in Fig, 11, there is no need to prepare discrete 
device chips for three-color light emission. No special 
manufacturing apparatus or manufacturing method Is 
required, or no complicated adjustment is required. 
Therefore, according to the semiconductor light-emit- 
ting device shown in Fig. 11, a device can be provided 
at a lower cost 

[0114] In addition, according to the semiconductor 
light-emitting device shown in Fig. 1 1 , since each device 
can be formed in a smaller area than in the prior art, a 
plurality of devices can be simultaneously fomied on a 
single substrate. Therefore, when semiconductor llght- 
emlttlng device chips are to be obtained by cutting them 
out, more chips can be obtained. In this regard as well, 
devices can be provided at a lower cost owing to so- 
called volume efficiency. In addition, since thin devices 
can be formed, they can be mounted In smaller appara- 
tuses. 

[0115J A semiconductor laser cavity can also be real- 
ized by using the layer arrangement shown in Fig. 11. 
Fig. 11 shows the exit end face of the semiconductor 
laser cavity. In this case, a groove with a width of 2 fim 
is formed in the current limiting insulating layer 1114 to 
extend in a nonnal direction to the drawing surface of 
Fig. 11 so as to reach two ends of the device. The p- 
type metal electrode 1115 is formed along this groove. 
The exit end face Is formed by cleavage, and an optical 



output is extracted from this exit end face in the normal 
direction to the drawing surface. 
[01 16] A method of manufacturing the semiconductor 
light-emitting device shown in Fig. 11 will be described 
5 next. First of all, an equipment of metalorganic vapor 
phase epitaxy having a vertical-type reactor Is used for 
crystal growth for the fomriation of each crystal layer. As 
a nitrogen source, ammonia Is used. As a carrier gas 
and bubbling gas, nitrogen gas Is used for the growth of 
'0 a layer containing In. and hydrogen gas is used for the 
growth of a layer containing no In. The growth pressure 
Is set to atmospheric pressure. 
[01 1 7] First of all in the growth of layers, the substrate 
temperature Is set at 1 ,050*»C. and the surface of the 
'5 single-crystal substrate 1101 made of sapphire is 
cleaned in a hydrogen atmosphere. The substrate tem- 
perature is then set at 550°C, and the GaN buffer layer 
1102 is fomied by growth. In the growth of this GaN, 
triethylgallium (TEG) is used as a gallium source, which 
20 has a low vapor pressure, is suited to supply of a small 
amount of Ga, readily decomposes at a low temperature 
of 550'C, and allows no carbon which is a constituent 
element of the source to be taken In the grown layer 
[0118] Subsequently, the single-crystal substrate 
55 1101 is annealed at 1 .050''C for 9 min to form the buffer 
layer 1 102 into a single crystal. The temperature of the 
single-crystal substrate 1 1 01 is then set at 1 ,020''C, and 
Si-doped n-type GaN and Si-doped n-type AIq ^Ga^gN, 
are sequentially grown to form the electrode layer 1103 
30 and cladding layer 1104. As an aluminum source, tri- 
methylalumlnum (TMA) is used. As a gallium source, tri- 
methylgallium (TMG) is used. Silane (SiH4) gas which 
is diluted with hydrogen and has a concentration of 1 
ppm is used to dope each layer with Si. Note that the 
35 same source is used for Si doping in the process of 
growing each layer (to be described later). 
[01 1 9] Subsequently, the barrier layer 1 1 05, lower ac- 
tive layer 1106, barrier layer 1107, intemriediate active 
layer 1108, bamer layer 1109, upper active layer 1110, 
40 and barrier layer 1 1 1 1 are formed by continuous crystal 
growth (metalorganic vapor phase epitaxy). In the 
growth of these layers containing Indium, since the equi- 
librium vapor pressure of nitrogen on the solid phase of 
InN Is high, the growth temperature' is set at about 
45 500**C. As an indium source, trimethylindium (TMI) Is 
used. As a gallium source in the grovrth of these layers 
containing indium, TEG Is used. This is because TEG 
decomposes at a low temperature and has a low vapor 
pressure, and hence is suitable for composition control 
50 on a crystal layer as compared with TMG. 

[0120] In this case, in the growth of each layer con- 
taining indium, In order to grow a high-quality alloy layer 
by preventing precipitation of metal indium, the ratio (V/ 
III) of ammonia as a nitrogen source to a Group III 
55 source (TMI + TMA + TEG) is set to 660,000. In the 
growth of layers containing Indium, nitrogen is used both 
as a TMI earner gas and a bubbling gas. This is because 
the use of hydrogen as a carrier gas or the like will sup- 
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press the decomposition of ammonia (reference 5). 
[0121] After the growth of the above layers containing 
indium, the source gas is changed to grow Mg-doped p- 
type AIq .(Gao.gN and Mg-doped p-type GaN, thereby 
forming the cladding layer 1112 and contact layer 1113. 
As a source for Mg doping, bis(methylcyclopentadienyl) 
magnesium is used. This source is a liquid, which ex- 
hibits better reproducibility of Mg doping concentration 
than bis(cyclopentadienyl)magnesium which is a gener- 
ally used solid source. 

[01 22] After the cladding layer 1 11 2 and contact layer 
1113 are formed, the resultant structure Is annealed in 
a nitrogen atmosphere at 700*C for 30 min to activate 
Mg added to these layers. The current limiting insulating 
layer 1114 made of SIO2 is fornied on the contact layer 
1113 by using an RF magnetron sputter apparatus, and 
an opening window is fomried in the layer by the known 
photolithography technique and etching technique. Af- 
ter the opening window is formed in the current limiting 
insulating layer 1114, a 50-nm thick palladium film, a 
30-nm thick platinum film, and a 200-nm thick gold film 
are sequentially deposited and stacked on the cun^ent 
limiting Insulating layer 1114 including the opening win- 
dow by using an electron beam deposition apparatus, 
thereby forming the p-type metal electrode 1115, This 
metal layer Is patterned by the lift-off technique. 
[0123] The cladding layer 1104 and electrode layer 
1103 are then partly removed from the current limiting 
insulating layer 1114 by the known photolithography 
technique and etching technique to expose part of the 
electrode layer 1103. The n-type metal electrode 1116 
is fomned on this exposed surface. Crystal layers rang- 
ing, for example, from the contact layer 1 1 1 3 to the clad- 
ding layer 1104 may be etched by reactive ion etching 
using chlorine gas as an etching gas. The n-type metal 
electrode 1 1 1 6 is fomried by stacking a 50-nm thick tita- 
nium film, a 30-nm thick platinum film, and a 200-nm 
thick gold film on the exposed surface of the electrode 
layer 1103 and patterning the resultant multilayer struc- 
ture by the known lift-off technique. 
[01 24] After the p-type metal electrode 1 1 1 5 and the 
n-type metal electrode 1116 are formed in the manner 
described above, the lower surface of the single-crystal 
substrate 1101 is polished to thin the single-crystal sub- 
strate 1 1 01 from 450 \im, which is the original thickness, 
to 200 fim. The lower surface is mirror-finished. After 
the lower surface of the single-crystal substrate 1101 is 
mirror-finished, the resultant stnjcture is cleaned, and 
the single-crystal substrate 1101 is cut in a predeter- 
mined size by using a diamond scrlber, thereby extract- 
ing a device. The device size is set to about 500 jim 
square. 

[01 25] When a current is supplied to the resultant de- 
vice having the p-type metal electrode 1 1 1 5 as an anode 
and the n-type metal electrode 1 1 1 6 as a cathode, bluish 
white light emerging from the lower surface of the single- 
crystal substrate 1 1 01 is observed. As described above, 
the light emission obtained by this embodiment is bluish 



white. However, an emission color with a desired char- 
acteristic can be obtained by properly controlling the 
composition of a crystal layer forming an active layer 
and the thickness of the active layer. 

5 [0126] In the semiconductor light-emitting device in 
Fig. 1 1 , the three active layers are stacked on each other 
through the ban-ier layers. However, the present inven- 
tion is not limited to this. By properly setting the compo- 
sitions of crystals forming the respective active layers 

10 and the thicknesses of the layers, and designing emis- 
sion colors of the respective layers, light emission near 
white can be obtained even by a semiconductor light- 
emitting device having two active layers stacked on 
each other through a bamer layer. 

15 

[Fifth Embodiment] 

[0127] In the semiconductor light-emitting device 
shown in Fig. 11, the n-type metal electrode 1116 is 

20 fomned on the electrode layer 1 1 03. However, the inven- 
tion is not limited to this. An electrode layer may be 
formed in one of three light-emitting portions, and a met- 
al electrode may be provided on this layer. This structure 
will be described in more detail below. 

25 [0128] This semiconductor light-emitting device of 
Fig. 12 (light-emitting diode) includes the following lay- 
ers on the surface of a 330-nm thick single-crystal sub- 
strate 1201 made of (OOOI)-oriented sapphire (single- 
crystal AI2O3): a 20-nm thick buffer layer 1202 made of 

30 GaN, a 1 -\im thick crystal layer 1 203 made of GaN. and 
a l-jim thick cladding layer (first cladding layer) 1204 
made of AIGaN. Note that the single-crystal substrate 
1201 is not limited to sapphire. For example, this sub- 
strate may be made of a crystal such as silicon carbide 

35 (SiC), zinc oxide (ZnO), or lithium gallate (LiGaOa). 
[0129] On the cladding layer 1204, the following lay- 
ers are formed: a barrier layer 1205 made of InGaAIN, 
a lower active layer (first active layer) 1 206 made of InN. 
a barrier layer 1207 made of InGaAIN, an intennediate 

^0 active layer (second active layer) 1208 made of InN, a 
barrier layer 1209 made of InGaAIN, an electrode layer 
1210 made of Sl-doped n-type GaN, a ban-ier 1211 
made of Si-doped n-type InGaAIn, an upper active layer 
(third active layer) 1 21 2 made of InN, and a barrier layer 
1213 made of Mg-doped InGaAIN. 
[0130] On the barrier layer 1213, a 0.5-^m thick clad- 
ding layer (second cladding layer) 1214 made of Mg- 
doped p-type AIq .jGa^ gN and a 0.1 -|im thick contact 
layer 1215 made of Mg-doped p-type GaN are formed. 
50 [0131] A current limiting insulating layer 1216 which 
is made of Si02 and has a substantially circular opening 
window with a diameter of about 20 p.m is formed on the 
contact layer 1 21 5. A p-type metal electrode 1217 which 
is In contact with the contact layer 1215 through the 
55 opening window is fonned on the current limiting insu- 
lating layer 1216. The p-type metal electrode 1217 has 
a multilayer structure constituted by a 50-nm thick pal- 
ladium layer in direct contact with the contact layer 1215, 
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a 30-nm thick platinum layer formed thereon, and a 
200-nm thick gold layer formed thereon. 
[0132] In addition, in the semiconductor light-emitting 
device in Fig. 12, the electrode layer 1210 has an ex- 
posed region formed by partly etching the respective 
layers fomied thereon, and an n-type metal electrode 
121 8 in this exposed region. The n-type metal electrode 
1218 has a multilayer structure constituted by a 50-nm 
thick titanium layer in direct contact with the exposed 
region, a 30-nm thick platinum layer, and a 200-nm thick 
gold layer. 

[0133] In the device of Fig. 12 which has the above 
multilayer structure, the first light-emitting structure is 
formed by the barrier layer 1 206 and lower active layer 
1206, the second light-emitting structure is fomned by 
the barrier layer 1207, intermediate active layer 1208, 
and barrier layer 1 209, and the third light-emitting struc- 
ture is formed by the barrier layer 1211, upper active 
layer 1212, and barrier layer 1213. The emission wave- 
lengths of the respective light-emitting structures are set 
such that the first light-emitting structure has the longest 
emission wavelength and the third light-emitting struc- 
ture has the shortest emission wavelength. 
[0134] Part of the light emitted from the third light- 
emitting structure is absorbed in the second light-emit- 
ting structure and first light-emitting structure, thus ex- 
citing the respective light-emitting structures. As a re- 
sult, the first and second light-emitting structures emit 
light beams having unique wavelengths. Part of the light 
emitted from the third light-emitting structure which is 
not absorbed in the first and second light-emitting struc- 
tures emerges outside from the lower surface of the sin- 
gle-crystal substrate 1 201 . Part of the light emitted from 
the second light-emitting structure Is absorbed in the 
first light-emitting structure, and the remaining part 
emerges outside from the lower surface of the single- 
crystal substrate 1201 . 

[01 35] The first light-emitting structure can also be ex- 
cited by the light emitted from the second light-emitting 
structure. The first light-emitting structure is therefore 
excited by the light emitted from the second and third 
light-emitting structures to emit light having a wave- 
length unique to the first light-emitting stmcture. High- 
efficiency light emission with suppressed loss can be 
obtained by stacking/arranging the respective light- 
emitting stmctures in consideration of the positional re- 
lationship concerning the light extraction direction. 
Proper designing of the first, second, and third light- 
emitting structures can obtain emitted light from the low- 
er surface of the single-crystal substrate 1201 through- 
out a wide wavelength range including the Infrared, vis- 
ible, and ultraviolet regions. 

[0136] According to the above description, the first 
light-emitting structure has the longest emission wave- 
length, and the third light-emitting structure has the 
shortest emission wavelength. However, the second 
light-emitting stmcture may have the longest emission 
wavelength. In this case, the respective emission wave- 



lengths satisfy second light-emitting stojcture > first 
light-emitting structure > third light-emitting structure. 
Consider light propagating toward the single-crystal 
substrate 1201 , i.e., the light extraction direction, In this 

5 arrangement. The light emitted from the third light-emit- 
ting stmcture is absorbed by the first and second light- 
emitting structures, as described above. However, light 
propagating in the light extraction direction undergoes 
no absorption other than the above absorption. This 

10 makes It easy to design a light-emitting stmcture to ob- 
tain desired emitted light. 

[0137] A method of manufacturing the semiconductor 
light-emitting device shown in Fig. 12 will be described 
next. An equipment of metalorganic vapor phase epi- 
is taxy having a vertical-type reactor is used for crystal 
growth for the fonnation of each crystal layer. As a ni- 
trogen source, ammonia is used. As a carrier gas, nitro- 
gen gas is used. The growth pressure Is set to atmos- 
pheric pressure. 

20 [0138] First of all, the substrate temperature is set at 
1 ,050**C, and the surface of the single-crystal substrate 
1201 made of sapphire is cleaned in a hydrogen atmos- 
phere. This surface is then nitrided in an ammonia at- 
mosphere. Thereafter, the substrate temperature is set 

25 at SSO'^C, and the buffer layer 1 202 is formed by growing 
GaN. In the growth of this GaN, as a gallium source, 
triethylgallium (TEG) is used, which has low vapor pres- 
sure, is suited to supply of a small amount of Ga, readily 
decomposes at a low temperature of SSO^C, and allows 

30 no carbon which is a constituent element of the source 
to be taken in the grown layer. 
[0139] Subsequently, the single-crystal substrate 
1201 is annealed at 1 ,050''C for 9 min to fonn the buffer 
layer 1202 into a single crystal. A GaN crystal is grown 

35 on the buffer layer 1 202 to fomri the crystal layer 1203. 
The temperature of the single-crystal substrate 1201 is 
then set at 1,020*C, AfoiGao gN Is grown to form the 
cladding layer 1204. As an aluminum source, trimethy- 
laluminum (TMA) is used. As a gallium source, trimeth- 

40 ylgallium (TMG) is used, which has a relatively high va- 
por pressure. 

[0140] Subsequently, the barrier layer 1205, lowerac- 
tive layer 1206, barrier layer 1207, intennediate active 
layer 1 208. barrier layer 1 209. electrode layer 1210. bar- 

^5 rier 1211, upper active layer 1212, barrier layer 1213. 
cladding layer 1214, and contact layer are formed by 
continuous crystal growth (metalorganic vapor phase 
epitaxy). In the growth of these layers containing indium, 
since the equilibrium vapor pressure of nitrogen on the 

50 solid phase of InN is high, the growth temperature is set 
at about SOO'C. As an Indium source, trimethylindium 
(TMI) is used. As a gallium source in the growth of these 
layers containing indium, TEG is used. This Is because 
TEG decomposes at a low temperature and has a low 

55 vapor pressure, and hence is suitable for composition 
control on a crystal layer as compared with TMG. 
[0141] In this case, in the growth of each layer con- 
taining indium, in order to grow a high-quality alloy layer 
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by preventing precipitation of metal Indium, the ratio (V/ 
III) of ammonia as a nitrogen source to a Group III 
source (TMI + TMA + TEG) is set to 660,000. In the 
growth of layers containing Indium, nitrogen is used both 
as a carrier gas and a bubbling gas. This is because the 5 
use of hydrogen as a cannier gas or the like will suppress 
the decomposition of ammonia (reference 5). 
[0142] Silane (SiH4) gas which is diluted with hydro- 
gen and has a concentration of 1 ppm is used to dope 
a predetermined layer with Si. As a source for Mg dop- io 
Ing, bis(methylcyclopentadienyl)magneslum is used. 
This source is a liquid, which exhibits better reproduci- 
bility of Mg doping concentration than bis(cyclopentadl- 
enyl)magnesium which is a generally used solid source. 
[0143] Afterthe cladding layer 1214 and contact layer 15 
1215 are formed, the resultant structure is annealed in 
a nitrogen atmosphere at 700*C for 30 min to activate 
Mg added to these layers. The current limiting insulating 
layer 1 21 6 made of SiOg is fomried on the contact layer 
1215 by using an RF magnetron sputter apparatus, and 20 
an opening window is fomned in the layer by the known 
photolithography technique and etching technique. Af- 
ter the opening window is formed in the current limiting 
insulating layer 1216, a 50-nm thick palladium film, a 
30-nm thick platinum film, and a 200-nm thick gold film 25 
are sequentially deposited and stacked on the current 
limiting insulating layer 1216 including the opening win- 
dow by using an electron beam deposition apparatus, 
thereby forming the p-type metal electrode 1217. This 
metal layer is patterned by the lift-off technique. 30 
[01 44] The barrier 1211 and electrode layer 1 21 0 are 
then partly removed from the current limiting insulating 
layer 1218 by the known photolithography technique 
and etching technique to expose part of the electrode 
layer 1210. The n-type metal electrode 1218 is formed 55 
on this exposed surface. Crystal layers ranging, for ex- 
ample, from the contact layer 1215 to the ban-ier 1211 
may be etched by reactive ion etching using chlorine gas 
as an etching gas. The n-type metal electrode 1218 is 
formed by stacking a 50-nm thick titanium film, a 30-nm 40 
thick platinum film, and a 200-nm thick gold film on the 
exposed surface of the electrode layer 1210 and pat- 
terning the resultant multilayer structure by the known 
lift-off technique. 

[0145] After the p-type metal electrode 1217 and n- 45 
type metal electrode 121 8 are formed in the manner de- 
scribed above, the lower surface of the single-crystal 
substrate 1201 is polished to thin the single-crystal sub- 
strate 1 201 from 450 ^m, which is the original thickness, 
to 200 Jim. The lower surface is mirror-finished. After so 
the lower surface of the single-crystal substrate 1201 is 
mirror-finished, the resultant stmcture is cleaned, and 
the single-crystal substrate 1201 is cut in a predeter- 
mined size by using a diamond scriber, thereby extract- 
ing a device. The device size Is set to about 500 ^m ss 
square. 

[01 46] When a current is supplied to the resultant de- 
vice having the p-type metal electrode 1 21 7 as an anode 
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and the n*type metal electrode 1218 as a cathode, blu- 
ish white light emerging from the lower surface of the 
single-crystal substrate 1201 is observed. As described 
above, the light emission obtained by this embodiment 
is bluish white. However, an emission color with a de- 
sired characteristic can be obtained by properly control- 
ling the composition of a crystal layer forming an active 
layer and the thickness of the active layer. 
[0147] By property setting the compositions of crys- 
tals fonning the respective active layers and the thick- 
nesses of the layers, and designing emission colors of 
the respective layers, light emission near white can be 
obtained even by a semiconductor light-emitting device 
having two active layers stacked on each other through 
a banier layer. 

[Sixth Embodiment] 

[0148] Fig. 13 shows an example of a semiconductor 
light-emitting device constituted by three light-emitting 
diodes fomned on the same single-crystal substrate, by 
way of a cross-section in the direction of film thfckness 
in crystal growth. 

[0149] This device includes the following layers on the 
upper surface of a 330-^m thick single-crystal substrate 
1301 made of (OOOI)-oriented sapphire (single-crystal 
AI2O3) having both surfaces mirror-polished: a 20-nm 
thick buffer layer 1302 made of GaN and a 4-^m thick 
electrode layer 1303 made of Si-doped n-type GaN. 
Note that the single-crystal substrate 1301 is not limited 
to sapphire. For example, this substrate may be made 
of a crystal such as silicon cart^ide (SIC), zinc oxide 
(ZnO), or LiGaOj. 

[0150] On the electrode layer 1303, a 0.5-jim thick 
cladding layer 1304 made of Si-doped AIq .,Gao 9N, a re- 
gion A (first light-emitting portion), a region B (second 
light-emitting portion), and a region C (third light-emit- 
ting portion) are fonried. The above arrangement is 
common to the regions A, B, and C but differ in their 
light-emitting regions, as described next. First of all, the 
region A Includes, on the cladding layer 1304, a d;^-nm 
thick bamer layer 1 305a made of Si-doped n-type Al^.j^- 
GaxA^. an active layer 1306a made of In^.YAGavAN. 
and a barrier layer 1307a made of AI^.xaGbxaN. The 
region B includes, on the cladding layer 1304, a de-nm 
thick barrier layer 1 305b made of Si-doped n-type Al^.^g- 
Ga^QN, an active layer 1306b made of In^.YQGaygN, 
and a barrier layer 1307b made of Al^.xeGaxQN. The 
region C includes, on the cladding layer 1304, a d^-nm 
thick bamer layer 1 305c made of Si-doped n-type Al^.xc* 
GaxcN. an active layer 1306c made of In^.YcGavcN, 
and a barrier layer 1307c made of Al^.xc^^xc'^- 
[0151] In addition, each of the regions A, B, and C in- 
cludes a 0.5-^m thick cladding layer 1308 made of Mg- 
doped p-type AIq ^Gao.gN and a 0.1 -p/n thick contact 
layer 1309 made of Mg-doped p-type GaN on a corre- 
sponding one of the barrier layers 1307a. 1307b, and 
1 307c. Note that InGaN forming each active layer is ex- 
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emplified by In^.x-Y^axAlyN (0 ^X.Y^I.O ^x+Y< 1) 
with Y = 0. 

[0152] A current limiting insulating layer 1310 which 
is made of Si02 and has substantially circular opening 
windows each having a diameter of about 20 jim to limit 
the cun'ent injection region is commonly fomried in the 
regions A, B, and C, A p-type metal electrode 1311 
which is in contact with the respective barrier layers 
1 307a. 1 307b, and 1 307c through the opening windows 
is fomned on the current limiting insulating layer. The p- 
type metal electrode 1311 has a multilayer structure 
constituted by a 50-nm thick nickel layer and a 200-nm 
thick gold layer. 

[0153] Note that an n-type metal electrode 1312 is 
formed in a region of the electrode layer 1 303 other than 
the regions A, B, and C. The n-type metal electrode 
1312 has a multilayer structure constituted by a 50-nm 
thick aluminum layer and a 200-nm thick gold layer. 
[01 54] Each active layer is fomried from InN or InGaN 
containing a small amount of Ga. In the respective re- 
gions A, B, and C, the compositions of the active layers 
and bamer layers and the thicknesses of the active lay- 
ers are controlled to be different from each other. This 
makes It possible to obtain a desired light emission 
color Note that the bandgap energy of each barrier layer 
is set to be higher than that of a con-esponding active 
layer. 

[0155] The use of InN for each active layer will greatly 
improve reproducibility and In-plane uniformity of the 
substrate as compared with the use of InGaN for each 
active layer This is because the composition of an In- 
GaN film greatly differs between a gas phase and a solid 
phase in the process of growth, resulting in poor con- 
trollability. 

[0156] Fig. 9 shows a result of composition control on 
InGaN. In the growth of InGaN, the composition ratio of 
a gas phase to a solid phase is linear at a growth tem- 
perature (substrate temperature) of SOO'^C. Note that a 
composition for InGaN is selected In a region outside 
the immiscible region shown in Fig. 6. At a growth tem- 
perature of 800°C, however, the composition ratio of a 
gas phase to a solid phase become nonlinear in a region 
where the solid phase composition ratio of indium (TMI) 
is high. As shown in this graph, in metalorganic vapor 
phase epitaxy, as the growth temperature increases, the 
amount of indium taken in an InGaN film in the process 
of growth decreases. This is because the equilibrium va- 
por pressure of nitrogen of InN is five orders of magni- 
tude higher than that of GaN. 

[0157] As described above, the use of InN for an ac- 
tive layer eliminates the necessity of composition control 
and makes it possible to ensure reproducibility of a 
growth process and unifoonity of crystallinity as com- 
pared with the use of InGaN for an active layer. In addi- 
tion, since no phase separation principally occurs, lay- 
ers with uniform compositions can be obtained. 
[01 58] In the device according to the embodiment de- 
scribed above, light emerging from the lower surface 



side of the single-crystal substrate 1301 is used as out- 
put light. 

[0159] The diameters of the opening portions of the 
cun-ent limiting insulating layer 1310 are unifonnly set 
s to 20 \im in the regions A, B, and C. In order to obtain 
output light having a desired color tone, the diameter of 
the hole in each region can be changed. In addition. In 
the device shown in Fig. 1 3, the regions A, B, and C are 
arrayed on a straight line. Obviously, however, they can 
10 be an-ayed in an arbitrary manner. 

[0160] The common p-type metal electrode 1311 is 
connected to the regions A, B, and C. However, p-type 
metal electrodes may be individually provided for the re- 
spective regions. In addition, this embodiment has ex- 
f 5 emplified the case wherein the three regions are fornied. 
However, four or more regions may be formed on a sin- 
gle substrate to obtain higher optical power. In this case, 
many combinations of regions, each constituted by 
three regions like those shown in Fig. 1 3, may be mount- 
20 ed on a single substrate. Alternatively, regions having 
different structures may be mounted on a single sub- 
strate. This arrangement makes it possible to expand 
the range of color tones of optical power obtained from 
the semiconductor light-emitting device and increase 
^5 optical power. In addition, a plurality of combinations, 
each constituted by regions for respectively emitting 
red, green, and blue light beams, are arranged in the 
form of a matrix to form a display 
[0161] As described above, in the device shown in 
30 Fig. 1 3, since a plurality of light-emitting portions includ- 
ing active layers are monolithically formed on a single 
substrate, there is no need to prepare discrete device 
chips for three-color light emission. No special manu- 
facturing apparatus or manufacturing method is re- 
35 quired, or no complicated adjustment is required. There- 
fore, a device can be provided at a lower cost. 
[0162] In addition, according to the device shown in 
Fig. 13, since each device can be formed in a smaller 
area than in the prior art, a plurality of devices can be 
^0 simultaneously fonmed on a single substrate. Therefore, 
when device chips are to be obtained by cutting them 
out, more chips can be obtained. In this regard as well, 
devices can be provided at a lower cost owing to so- 
called volume efficiency. In addition, since thin devices 
^5 can be formed, they can be mounted in smaller appara- 
tuses. 

[0163] A method of manufacturing the semiconductor 
light-emitting device shown in Fig. 13 will be described 
next. An equipment of metalorganic vapor phase epi- 

50 taxy having a vertical-type reactor is used for crystal 
growth for the formation of each crystal layer. As a ni- 
trogen source, ammonia is used. As a carrier gas, nitro- 
gen gas is used. The growth pressure is set to atmos- 
pheric pressure. 

55 [0164] First of all. the substrate temperature Is set at 
1 .OSO'^C, and the surface of the single-crystal substrate 
1301 made of sapphire is nitrided in an ammonia atmos- 
phere. The substrate temperature is then set at 550'»C, 
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and the GaN buffer layer 1302 is formed by growing 
GaN. In the growth of this GaN. triethylgaliium (TEG) is 
used as a gallium source, which has a low vapor pres- 
sure, is suited to supply of a small anfiount of Ga. readily 
decomposes at a low temperature of 550''C, and allows 
no carbon which is a constituent element of the source 
to be taken in the grown layer. 

[0165] Subsequently, the single-crystal substrate 
1 301 is annealed at 1 ,050°C for 9 min to form the buffer 
layer 1302 into a single crystal. The temperature of the 
single-crystal substrate 1301 is then set at 1 ,020'*C. and 
Si-doped n-type GaN Is grown to fonn the electrode lay- 
er 1303. Silane (SiH4) gas which is diluted with hydro- 
gen and has a concentration of 1 ppm is used to dope 
each layer with Si. Note that the same source is used 
for Si doping in the process of growing each layer (to be 
described later). 

[0166] Subsequently, the regions other than the re- 
gion A are covered with a silicon oxide film, and Si- 
doped n-type Alo ^Gao.gN is grown on a portion of the 
electrode layer 1303 which Is exposed in the region A 
to fomi the cladding layer 1 304. The above silicon oxide 
film serves as a selective growth mask. As an aluminum 
source, trimethylaluminum (TMA) is used. As a gallium 
source, trimethylgallium (TMG) is used, which has a rel- 
atively high vapor pressure. On the cladding layer 1 304 
In the region A, Si-doped n-type AI^.xaGbxaN, In^.y;^- 
Gay^N, and AI^.^aGxa'^ sequentially grown by suc- 
cessive crystal growth (metalorganic vapor phase epi- 
taxy) to form the barrier layer 1 305a, active layer 1 306a, 
and barrier layer 1307a. 

[0167] After the barrier layer 1307a is formed, Mg- 
doped p-type AIq -jGao 9N is grown to form the cladding 
layer 1308. Mg-doped p-type GaN is grown on the clad- 
ding layer 1308 to form the contact layer 1309. As a 
source forMg doping, bis(methylcyclopentadienyl)mag- 
neslum is used. This source is a liquid, which is advan- 
tageous in reproducibility of the doping concentration of 
Mg over bis(cyclopentadlenyl)magnesium which Is a 
generally used solid source. 

[0168] In the growth of these layers containing indium, 
since the equilibrium vapor pressure of nitrogen on the 
solid phase of InN is high, the growth temperature is set 
at about SOO'C. As an Indium source, trimethylindium 
(TMI) is used. As a gallium source in the growth of these 
layers containing indium, TEG is used. This is because 
TEG decomposes at a low temperature and has a low 
vapor pressure, and hence Is suitable for composition 
control on a crystal layer as compared with TMG. 
[0169] In this case, in the growth of each layer con- 
taining indium, in order to grow a high-quality alloy layer 
by preventing precipitation of metal indium, the ratio (V/ 
III) of ammonia as a nitrogen source to a Group III 
source (TMI + TMA + TEG) is set to 660,000. In the 
growth of layers containing indium, nitrogen is used both 
as a carrier gas and a bubbling gas. This is because the 
use of hydrogen as a carrier gas or the like will suppress 
the decomposition of ammonia (reference 5). The above 



description applies to the regions B and C (to be de- 
scribed below). 

[0170] The silicon oxide film which is grown as a se- 
lective growth mask and covers the regions other than 
5 the region A is removed by using, for example, a hy- 
drofluoric acid solution. Thereafter, a selective growth 
mask made of silicon oxide is fonned to cover the re- 
gions other than the region B. Si-doped n-type 
Alo.1Gao.9N is grown on the electrode layer 1303 ex- 
10 posed in .the region B to fomi the cladding layer 1304. 
Si-doped n-type Al^.xfiGaxBN. Ini.YBGaVeN.and Al^.^g* 
GaxeN are sequentially grown on the cladding layer 
1304 in the region 8 by successive crystal growth to 
form the barrier layer 1305b, active layer 1306b, and 
15 barrier layer 1 307b, After the formation of the bamer lay- 
er 1 307b, Mg-doped p-type AIq ^GaQ gN is grown to form 
the cladding layer 1308. Mg-doped p-type GaN is grown 
on this cladding layer to form the contact layer 1309. 
[0171] The selective growth mask covering the re- 
20 gions other than the region B is removed, and a selective 
growth mask covering the regions other than the region 
C is fonned. Thereafter, in the same manner as de- 
scribed above, Si-doped n-type Alo^GaQ 9N is grown on 
the electrode layer 1 303 exposed in the region C to form 
25 the cladding layer 1304. On the cladding layer 1304 in 
the region C, Si-doped n-type Al^.xcGaxcN, In^.Yc- 
GaycN, and AI^.xcGaxcN are sequentially grown on the 
cladding layer 1304 in the region C by successive crystal 
growth to fomri the barrier layer 1305c, active layer 
30 1306c, and barrier layer 1307c. After the fomnation of 
the barrier layer 1 307b, Mg-doped p-type AIq ^Gbq 9N is 
grown to form the cladding layer 1308, and Mg-doped 
p-type GaN is grown on this cladding layer to fomn the 
contact layer 1309. 
35 [0172] Subsequently, the resultant structure is an- 
nealed in a nitrogen atmosphere at 700*C for 30 min to 
activate Mg added to the cladding layer 1308 and con- 
tact layer 1309 in the regions A, B, and C. The current 
limiting insulating layer 1310 made of SiOj is formed on 
<o the contact layer 1309 in the regions A. B, and C by us- 
ing an RF magnetron sputter apparatus, and is proc- 
essed by the known photolithography technique and 
etching technique to form opening windows for the re- 
spective regions A, B, and C. 
^5 [0173] After the opening windows are fonmed in the 
cun^ent limiting insulating layer 1 31 0, a 50-nm thick pal- 
ladium film, a 30-nm thick platinum film, and a 200-nm 
thick gold film are sequentially stacked on the current 
limiting insulating layer 1310 including the opening win- 
50 dows by using an electron beam deposition apparatus, 
thereby fomiing the p-type metal electrode 1311 
throughout the regions A, B. and C. This metal layer is 
patterned by the lift-off technique. 
[0174] The n-type metal electrode 1 312 is formed on 
55 an exposed surface of the electrode layer 1303 other 
than the regions A. B, and C. The n-type metal electrode 
1312 is formed by stacking a 50-nm thick aluminum film 
and a 200-nm thick gold film on the exposed surface of 
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the electrode layer 1303 and patterning the resultant 
multilayerstructureby the known photolithography tech- 
nique and etching technique. 
[01 75] A semiconductor laser cavity can also be real- 
ized by using the layer arrangement of Fig. 1 3 , showing 
the exit end face of the semiconductor laser cavity. In 
this case, a groove with a width of 1 .5 is formed in 
the cun^ent limiting insulating layer 1310 to extend in a 
normal direction to the drawing surface so as to reach 
two ends of each of the regions A, B, and C. The p-type 
metal electrode 1311 is formed along each groove. Note 
that the regions A, B, and C are an^anged at intervals of 
1 0 Jim. The exit end face Is fomried by cleavage, and an 
optical output is extracted from this exit end face in the 
nomnal direction to the drawing surface. 

[Seventh Embodiment] 

[0176] Figs. 14A and 14B show an LED (Light-Emit- 
ting Diode) which includes the following layers on the 
upper surf ace of a 330-|xm thick single-crystal substrate 
1401 made of (0001 )-oriented sapphire (single-crystal 
AI2O3) having both surfaces, i.e., the upper and lower 
surfaces, polished to mirror surfaces: a 20-nm thick buff- 
er layer 1 402 made of GaN, a A-\im thick electrode layer 
1 403 made of Si-doped n-type GaN, and a 0.5-^m thick 
cladding layer 1404 made of Si-doped n-type 
AlQ^GaQ gN. Note that the single-crystal substrate 1401 
is not limited to sapphire. For example, this substrate 
may be made of a crystal such as silicon carbide (SiC), 
zinc oxide (ZnO), or lithium gailate (LiGa02) . 
[0177] An active layer 1405 shown in Fig. 14B Is 
fomied on the cladding layer 1404. The active layer 
1405 has a structure in which a plurality of Island por- 
tions 1405a made of InN are an-ayed In the same plane. 
For example, each island portion 1405a is formed to 
have a diameter of about 10 nm and a height of about 
3 nm. By setting the size of each island portion 1405a 
to be equal to or smaller than the spread of the wave 
function of an electron In this manner, a quantum effect 
can be obtained. The emission wavelength of the sem- 
iconductor light-emitting device based on the active lay- 
er 1405 is almost determined by the size of each island 
portion 1405a. Note that the size of each island portion 
1405a is not limited to be equal to or smaller than the 
spread of the wave function of an electron, and may be 
larger. 

[0178] Although Fig. 14B shows the island portions 
1405a having semispherical shapes, the present inven- 
tion is not limited to this. For example, the island portions 
1405a may have a cylindrical, prism, pyramid, or cone 
shape. In addition, referring to Fig. 14B, the Island por- 
tions 1405a are arrayed at equal intervals. However, the 
present invention is not limited to this. The island por- 
tions 1405a may be arranged at nonuniform intervals. 
In addition, the respective island portions 1 405a may be 
formed to be completely Isolated from each other or to 
be connected to each other through thin InN films form- 



ing the island portions 1405a. Note that the respective 
island portions 1405a are fomned to have almost the 
same size to obtain light emitted with narrow specrum 
range. Of course, to obtain the light emitted with wide 
s specmm range from this device, the size of islands may 
differ 

[01 79] The active layer 1 405 fomned from the plurality 
of island portions 1405a in the above manner Is covered 
with a 10-nm thick growth cover layer (handler layer) 

10 1 406 made of undoped GaN. 

[0180] A 0.5-^m thick cladding layer 1407 made of 
Mg-doped p-type AlQ^GaQ gM and a 0.1 -^m thick con- 
tact layer 1408 made of Mg-doped p-type GaN are 
formed on the growth cover layer 1 406. A current limiting 

f5 insulating layer 1409 which is made of Si02 and has a 
substantially circular opening window with a diameter of 
about 20 \vm to limit a cun^ent injection region is formed 
on the contact layer 1408. 

[01 81 ] A p-type metal electrode 1 41 0 which is In con- 
20 tact with the contact layer 1 408 through the opening win- 
dow is formed on the current limiting insulating layer 
1409. The p-type metal electrode 1410 has a multilayer 
structure constituted by a 50-nm thick nickel layer in di- 
rect contact with the contact layer 1408 and a 200-nm 
25 thick gold layer formed thereon. Note that the electrode 
layer 1 403 has an exposed region formed by partly etch- 
ing the metal layer and crystal layer formed thereon, and 
an n-type metal electrode 1411 in this exposed region. 
The n-type metal electrode 1411 has a multilayer struc- 
30 ture constituted by a 50-nm thick aluminum layer in di- 
rect contact with the exposed region and a 200-nm thick 
gold layer formed thereon. 

[01 82] A method of manufacturing the device accord- 
ing to this embodiment shown in Figs. 14A and 14B will 

35 be described next. An equipment of metalorganic vapor 
phase epitaxy having a vertical-type reactor Is used for 
crystal growth for the formation of each crystal layer. As 
a nitrogen source, ammonia is used. As a carrier gas, 
nitrogen gas Is used. The growth pressure is set to at- 

^0 mospheric pressure. 

[0183] First of all, the substrate temperature is set at 
1 ,050''C, and the surface of the single-crystal substrate 
1401 made of sapphire is nitrlded in an ammonia atmos- 
phere. Thereafter, the substrate temperature is set at 

45 550''C, and the buffer layer 1402 is fomned by growing 
GaN. In the growth of this GaN, triethylgallium (TEG) is 
used as a gallium source, which has a low vapor pres- 
sure, is suited to supply of a small amount of Ga, readily 
decomposes at a low temperature of 550°C, and allows 

50 no carbon which is a constituent element of the source 
to be taken In the grown layer. Subsequently, the single- 
crystal substrate 1401 Is annealed at 1 ,050*0 for 9 min 
to fomi the buffer layer 1402 into a single crystal. 
[01 84] The temperature of the single-crystal substrate 

55 is then set at 1 ,020*'C, and Si-doped n-type GaN and 
Si-doped n-type AIq iGao.gN are sequentially grown to 
form the electrode layer 1403 and cladding layer 1404. 
As an aluminum source for the vapor phase growth of 
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these layers, trimethylalumlnum (TMA) is used. As a 
gallium source, trimethylgalllum (TMG) is used, which 
has a relatively high vapor pressure. Silane (SiH4) gas 
which is diluted with hydrogen and has a concentration 
of 1 ppm is used to dope each layer with SI. 
[0185] InN is then grown In the form of islands on the 
cladding layer 1404 to fonn the active layer 1 405 fomied 
from the plurality of island portions 1 405a. In forming the 
island portions 1 405a, first of all, InN is grown in the f omi 
of a film or in a film-like state on the cladding layer 1 404. 
In the growth of InN, since the equilibrium vapor pres- 
sure of nitrogen on the solid phase of InN is high, the 
substrate temperature Is set at 500°C. In addition, in this 
vapor phase growth, trimethylindium (TMI) is used as 
an indium source. In this growth process, in order to 
grow high-quality InN by preventing precipitation of met- 
al In, the ratio of ammonia to TMI, i.e., V/lll, is set to 
660,000. Nitrogen is used both as a carrier gas and a 
bubbling gas. This is because the use of hydrogen will 
suppress the decomposition of ammonia. 
[0186] After InN is grown in the fonn of a film in the 
above manner, this film is heated in a nitrogen atmos- 
phere at 700*'C for 20 min. The film-like InN layer is 
formed into the plurality of island portions 1405a by this 
heating. 

[0187] The island portions 1405a may be formed in 
the following manner. High-quality InN is grown by using 
the above source gas while preventing precipitation of 
metal indium, and the V/lll ratio, growth temperature, 
and growth rate are designed to promote migration of 
indium atoms adsorbing on the underlayer, thereby 
growing InN in the form of islands. 
[0188] To suppress etching to the active layer 1405 
and a deterioration in the crystallinity of this layer, GaN 
is then grown at the same growth temperature as that 
for InN by using a nitrogen carrier gas to fonn the growth 
cover layer 1406 covering the island portions 1405a. 
The growth cover layer 1 406 becomes a barrier layer 
with respect to the plurality of island portions 1405a 
made of InN. 

[0189] After the growth cover layer 1406 is fonned, 
the substrate temperature is raised to 1 ,020°C to Im- 
prove the quality of the growth cover layer 1406. Sub- 
sequently, Mg-doped p-type Alo-iGaogN and Mg-doped 
p-type GaN are sequentially grown to fomi the cladding 
layer 1407 and contact layer 1408. As a source for Mg 
doping, bis(methylcyclopentadienyl)magnesium is 
used. This source is a liquid, which is advantageous in 
controllability and reproducibility of the doping concen- 
tration of Mg over bis(cyclopentadienyl)magnesium 
which is a generally used solid source. 
[01 90] After the cladding layer 1 407 and contact layer 

1408 are formed, the resultant structure is annealed in 
a nitrogen atmosphere at 700''C for 30 min to activate 
Mg added to these layers. 

[0191] After the respective crystal layers described 
above are fonned. the current limiting insulating layer 

1409 made of Si02 is formed on the contact layer 1408 



by using an RF magnetron sputter apparatus, and an 
opening window is formed in the current limiting insulat- 
ing layer by the known photolithography technique and 
etching technique. 

s [0192] After the opening window is formed In the cur- 
rent limiting insulating layer 1409, a 50-nm thick nickel 
film and a 100-nm thick gold film are sequentially de- 
posited and stacked on the current limiting insulating 
layer 1409 including the opening window by using an 

10 electron beam deposition apparatus, thereby forming a 
metal layer serving as the p-type metal electrode 141 0. 
Thereafter, a novolac-based positive photoresist pattern 
is formed on the metal layer by the known photolithog- 
raphy technique, and the underlayer is etched by using 

'5 this pattern as a mask to fomri an exposed region on the 
electrode layer 1403, In this etching, for example, etch- 
ing of the crystal layer, is performed by reactive ion etch- 
ing using chlorine gas. 

[01 93] After etching for the f onnation of the above ex- 
20 posed region, removal of the photoresist pattern, and 
cleaning of the single-crystal substrate 1401 and the 
structure fonrned thereon, a 50-nm thick aluminum film 
and a 200-nm thick gold film are sequentially deposited 
on the exposed region of the electrode layer 1403. and 
25 the resultant structure is patterned to form the n-type 
metal electrode 1411. 

[0194] After the manufacturing process is completed 
up to the formation of the n-type metal electrode 1411 
in the above manner, the resultant structure is cleaned, 
30 and the single-crystal substrate 1401 is cut in a prede- 
temnined size by using a diamond scriber, thereby ex- 
tracting a device. When a predetennined current is sup- 
plied to the extracted device to make it operate, emitted 
light is obtained from the lower surface side of thesingle- 
55 crystal substrate 1 401 . 

[0195] As described above, the active layer 1405 is 
constituted by the plurality of island portions 1405a 
which are isolated in the form of islands. In other words, 
the active layer 1405 is constituted by an aggregate of 
^0 discrete quantum well layers or a plurality of quantum 
dots. In the semiconductor light-emitting device having 
this arrangement, the emission wavelength changes de- 
pending on the shape of each island portion 1405a and 
the composition and thickness of a layer (growth cover 
^5 layer 1 406) formed to cover the island portions 1 405a. 
This is because the bandgap energy of InN forming the 
island portions 1 405a changes depending on a pressure 
(hydrostatic pressure) three-dimensronally applied to 
the island portions 1405a made of InN. 
so [0196] InGaAIN-based materials such as InN differ in 
their lattice constants in a wide range as compared with 
InGaAsP-based materials, and hence a high hydrostatic 
pressure can be easily applied to the island portions 
1405a by covering them with a layer with a changed 
55 composition. The use of an InGaAIN-based material can 
therefore greatly change the bandgap energy of the is- 
land portions 1 405a as compared with the use of an In- 
GaAsP-based material. 
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[0197] Since the bandgap energy can be greatly 
changed in this manner, according to the device of Figs. 
14A and 14B, light emissions can be obtained in a wide 
wavelength range from near 1 .6 p.m, which is the band- 
gap wavelength of InN, to,the ultraviolet region. 
[01 98] Even if the island portions 1 405a are made of 
another InGaAIN-based material such as InQaN, an ef- 
fect similar to the above effect can be obtained. By form- 
ing the island portions 1405a using In^.x-Y^^x^'v^ = 
X, Y^1,0^X + Y<1) larger in bandgap than InN, a 
semiconductor light-emitting device designed to emit 
light with a shorter wavelength can be obtained. 
[01 99] When the island portions 1 405a are formed by 
using InN, high reproducibility and in-plane uniformity in 
the manufacture of the Island portions 1 405a can be ob- 
tained as compared with use of InGaN. The reasons for 
this will be described next. 

Reason 1 

[0200] In the vapor phase growth of a material other 
then InN, e.g., InGaN, the composition of each element 
in a gas phase greatly differs from that in a solid phase. 
[0201] As shown in Fig. 9, as the supply amount of 
TMI is increased by changing the supply ratio (TMI/{TMI 
+ TEG)) of trimethylindium (TMI) to the sum of triethyl- 
gailium (TEG) and TMI, the ratio of In in InGaN increas- 
es. 

[0202] This gas phase/solid phase relationship is lin- 
ear at a growth temperature of 500" C. When, however, 
the growth temperature is raised to 800^*0 and InGaN 
with a high In composition Is grown, the gas phase/solid 
phase relationship becomes nonlinear. In addition, with 
a rise in temperature, the amount of indium taken in de- 
creases. This is because the equilibrium vapor pressure 
of nitrogen of InN is five orders of magnitude higher than 
that of GaN. Reason 2 

[0203] In the case of InGaN, as shown in Fig. 6, phase 
separation often occurs. Under thermal equilibrium con- 
dition, there is a composition region that cannot be 
grown, i.e., a wide region in which phase separation oc- 
curs. However, since InN is a binary compound, no 
phase separation like that described above principally 
occurs. The use of InN therefore can obtain high repro- 
ducibility and in-plane uniformity in the manufacture of 
the island portions 1405a. 

Reason 3 

[0204] The differences in adsorption rate and migra- 
tion rate between In atoms and Ga atoms on the clad- 
ding layer 1404 are also large factors. 
[0205] Referring to Fig. 1 4A, the active layer 1 405 is 
formed from one layer with the plurality of island portions 
1405a, However, the present invention is not limited to 
this. The active layer 1405 may be formed by stacking 
a plurality of layers, each constituted by a plurality of 
island portions 1405a, through the growth cover layer 



1406. 

(Eight Embodiment] 

5 [0206] Fig. 1 5 shows an example of the arrangement 
of a semiconductor light-emitting device according to 
another embodiment. This device is a white light-emit- 
ting diode having three light-emitting layers. Fig. 15 
shows a cross-sectional view of the device in a direction 

10 of thickness In crystal growth. 

[0207] This light-emitting diode includes the following 
layers on the surface of a 330-fim thick single-crystal 
substrate 1501 made of (OOOI)-oriented sapphire (sin- 
gle-crystal AI2O3): a 20-nm thick buffer layer 1502 made 

^5 of GaN and a 4-^im thick electrode layer 1 503 made of 
Si-doped n-type GaN. Note that the single-crystal sub- 
strate 1501 is not limited to sapphire. For example, this 
substrate may be made of a crystal such as silicon car- 
bide (SiC), zinc oxide (ZnO), or lithium gallate (LiGa02). 

20 [0208] On the electrode layer 1 503, the following lay- 
ers are formed: a barrier layer 1 504 made of Si-doped 
n-type InGaAIN, a lower active layer 1505 which senses 
as a quantum well and is made of InxGa^.^N, a barrier 
layer 1 506 made of InGaAIN , an intermediate active lay- 

25 er 1 507 which serves as a quantum well and is made of 
InyGai.yN. and a barrier layer 1508 made of InGaAIN. 
Note that in the lower active layer 1 505 and intennediate 
active layer 1507, X < Y. The barrier layers 1506 and 
1508 may be formed as n'-type layers doped with a 

30 smaller amount of Si than those for the remaining layers. 
[0209] An upper active layer 1 509 formed from a layer 
having a structure in which a plurality of Island portions 
made of InN are arrayed in the same plane is formed on 
the barrier layer 1 508. 

35 [0210] For example, each of a plurality of island por- 
tions forming the upper active layer 1 509 has a diameter 
of about 1 0 nm and a height of about 3 nm like the Island 
portions 1405a shown in Fig. 148. By setting the size of 
each island portion to be equal to or smaller than the 
spread of the wave function of an electron in this man- 
ner, a quantum effect can be obtained. The emission 
wavelength of the semiconductor light-emitting device 
based on the active layer 1509 is almost detemiined by 
the size of each island portion. Note that the size of each 

^5 island portion is not limited to be equal to or smaller than 
the spread of the wave function of an electron, and may 
be larger. 

[0211] Note that the shape of each island portion is 
not limited to a semispherical shape. For example, the 
50 Island portions may have cylindrical, prism, pyramid or 
cone shape. In addition, the island portions may be ar- 
rayed at equal inten^als or may be arranged at nonuni- 
fomn intervals. In addition, the respective island portions 
may be formed to be completely isolated from each oth- 
55 erortobeconnecledto each other through thin InN films 
fomning the island portions. Note that the respective is- 
land portions are formed to have almost the same size. 
[021 2] The upper active layer 1 509 fomied from a plu- 
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rality of island portions fomied in the above manner is 
covered with a 0.5-jim thick barrier layer 1510 made of 
Mg-doped p-type InGaAIN. A 0.5-fjun thick cladding lay- 
er 1511 made of Mg-doped p-type Alg.iGaoQN and a 
0.1-(im thick contact layer 1512 made of Mg-doped p- 
type GaN are fonned on the barrier layer 151 0. 
[0213] A cun-ent limiting insulating layer 1513 which 
is made of SiOg and has a substantially circular opening 
window with a diameter of about 20 \im is fonmed on the 
contact layer 1 51 2. A p-type metal electrode 1512 which 
is in contact with the contact layer 1512 through the 
opening window is fomfied on the current limiting Insu- 
lating layer 1513. Although not shown, the p-type metal 
electrode 1 51 4 has a multilayer structure constituted by 
a 50-nm thick palladium layer in direct contact with the 
contact layer 1512, a 30-nm thick platinum layer fonned 
thereon, and a 200*nm thick gold layer formed thereon. 
[0214] Note that the electrode layer 1503 has an ex- 
posed region fonned by partly etching the crystal layer 
formed thereon, and an n-type metal electrode 1515 is 
formed in this exposed region. Although not shown, the 
n-type metal electrode 1515 has a multilayer stnicture 
constituted by a 50-nm thick titanium layer in direct con- 
tact with the exposed region, a 30-nm thick platinum lay- 
er, and a 200-nm thick gold layer formed thereon. The 
above device can be manufactured by the same method 
as that for the device of the embodiment shown in Fig. 
14A. 

[0215] In the semiconductor light-emitting device ac- 
cording to this embodiment which has the above ar- 
rangement, the first light-emitting structure is fonned by 
the barrier layer 1504, lower active layer 1505. and bar- 
rier layer 1506. The second light-emitting structure is 
formed by the barrier layer 1506, intermediate active 
layer 1507, and barrier layer 1508. The third light-emit- 
ting structure is fonned by the barrier layer 1508, upper 
active layer 1509, and barrier layer 1510. 
[0216] The emission wavelengths, of the respective 
structures are set by controlling the compositions and 
thicknesses of the respective active layers in the man- 
ner described later such that the first light-emitting struc- 
ture has the shortest emission wavelength and the third 
light-emitting structure has the longest emission wave- 
length. That is, the nearer to the single-crystal substrate 
1 501 , the light-emitting structures are located, the short- 
er the emission wavelengths become (the larger the 
bandgaps become). Therefore, light emitted from the 
third light-emitting structure emerges from the lower sur- 
face of the single-crystal substrate 1501 without being 
absorbed by the second light-emitting structure and first 
light-emitting structure. 

[0217] Light emitted from the second light-emitting 
structure which emerges to the first structure side 
emerges from the lower surface of the single-crystal 
substrate 1 1 01 without being absorbed by the first struc- 
ture. Light emitted from the second structure which 
emerges to the third light-emitting structure side is partly 
absorised by the third stmcture. The third structure is 



excited to emit light by the light absorbed by the third 
structure. That is, the light which emerges from the sec- 
ond light-emitting structure and is absorbed by the third 
light-emitting structure is converted into light having a 
5 wavelength equal to that of light emitted from the third 
light-emitting structure. This light emerged from the low- 
er surface of the single-crystal substrate 1501 without 
being absorbed by the second and first light-emitting 
structures. 

10 [021 8] Part of the light emitted from the first light-emit- 
Jing structure which emerges to the single-crystal sub- 
strate 1501 directly emerges from the lower surface of 
the single-crystal substrate 1 501 . Part of the light emit- 
ted from the first light-emitting structure which emerges 

IS to the second and third light-emitting structures is partly 
absoribed by each light-emitting structure to be convert- 
ed into light having a wavelength equal to that of light 
emitted from each light-emitting structure. As described 
above, each converted light emerges as light from a cor- 

20 responding one of the light-emitting stmctures from the 
lower surface of the single-crystal substrate 1 501 . High- 
efficiency light emission can be obtained by designing 
the stacking order of light-emitting layers in considera- 
tion of the positional relationship concerning the light ex- 

25 traction direction in this manner. Note that the relation- 
ship in emission wavelength among the respective light- 
emitting structures is not limited to that described above. 
For example, the second light^emitting structure may 
have the longest emission wavelength. 

30 [021 9J When a cun^ent is supplied to the resultant de- 
vk:e having the p-type metal electrode 1 51 4 as an anode 
and the n-type metal electrode 1515 as a cathode, blu- 
ish white light emerging from the lower surface of the 
single-crystal substrate 1501 is observed. The color of 

35 light emission obtained from this semiconductor light- 
emitting device can be changed by controlling the stmc- 
ture factors of each active layer, i.e., the composition 
and thickness of each layer, the diameter of each island 
portion, and the composition and thickness of a crystal 
layer (barrier layer) around each region. 
[0220] In the semiconductor light-emitting device in 
Fig. 1 5. the three active layers are stacked on each other 
through the barrier layers. However, the invention Is not 
limited to this. By properly setting the compositions of 

"^5 crystals forming the respective active layers and the 
thicknesses of the layers, and designing emission colors 
of the respective layers, light emission near white can 
be obtained even by a semiconductor light-emitting de- 
vice having two active layers stacked on each other 

50 through a barrier layer. 

[0221] In addition, the lower active layer 1505 or in- 
termediate active layer 1507 may be constituted by a 
plurality of island portions made of InGaN or InN. 
[0222] According to the device shown in Fig. 15, like 

55 the device shown in Fig. 11, there is no need to prepare 
discrete device chips for three-color light emission. No 
special manufacturing apparatus or manufacturing 
method is required, or no complicated adjustment is re- 
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quired. Therefore, according to the device shown in Fig. 
15, a device can be provided at lower cost. 
[0223] In addition, according to the device shown In 
Fig. 15. since each device can be fomied in a smaller 
area than in the prior art, a plurality of devices can be 
simultaneously formed on a single substrate. Therefore, 
when semiconductor light-emitting device chips are to 
be obtained by cutting them out, more chips can be ob- 
tained. In this regard as well, devices can be provided 
at a lower cost owing to so-called volume efficiency. In 
addition, since thin devices can be fomied. they can be 
mounted in smaller apparatuses. 

[Ninth Embodiment] 

[0224] Fig. 1 6 shows an example of the arrangement 
of a semiconductor light-emitting device according to 
another embodiment. This device is a white light-emit- 
ting diode having three light-emitting layers. Fig. 16 
shows a cross-sectional view of this device in a direction 
of thickness in crystal growth. 

[0225] This light-emitting diode includes the following 
layers on the surface of a 330-nm thick single-crystal 
substrate 1601 made of (OOOI)-oriented sapphire (sin- 
gle-crystal a-AlgOg): a 20-nm thick buffer layer 1602 
made of GaN and a l-jim thick semiconductor layer 
1603 made of GaN. Note that the single-crystal sub- 
strate 1601 is not limited to sapphire. For example, this 
substrate may be made of a crystal such as silicon car- 
bide (SiC), zinc oxide (ZnO), or lithium gallate (LiGaOg). 
[0226] The following layers are fomied on the semi- 
conductor layer 1 603: a 1 -jim thick cladding layer 1 604 
made of AlGaN, a barrier layer 1 605 made of InGaAIN, 
and a lower active layer 1 606 formed from a layer having 
a structure in which a plurality of island portions made 
of InN are arrayed In the same plane. For example, each 
of the plurality of island portions f omiing the lower active 
layer 1 606 is formed to have a diameter of about 1 0 nm 
and a height of about 3 nhi. like the island portions 
1 405a In Fig. 1 4B. By setting the size of each island por- 
tion 1 405a to be equal to or smaller than the spread of 
the wave function of an electron In this manner, a quan- 
tum effect can be obtained. The emission wavelength 
of the semiconductor light-emitting device based on the 
lower active layer 1 606 is almost detennined by the size 
of each island portion. Note that the size of each island 
portion 1 405a is not limited to be equal to or smaller than 
the spread of the wave function of an electron, and may 
be larger. 

[0227] Note that the shape of each island portion is 
not limited to a semispherical shape. For example, the 
island portions may have a cylindrical, prism, pyramid, 
or cone shape. In addition, the island portions may be 
arrayed at equal intervals or may be an-anged at nonu- 
nifonn intervals. In addition, the respective island por- 
tions may be fomied to be completely isolated from each 
other or to be connected to each other through thin InN 
films forming the island portions. Note that the respec- 



tive island portions are fonmed to have almost the same 
size. 

[0228] The lower active layer 1606 fomied from a plu- 
rality of Island portions fomied in the above manner is 
5 covered with a barrier layer 1 607 made of InGaAIN. An 
intennediate active layer 1608 which is made of 
InvGa^.yN and serves as a quantum well and a bamer 
layer 1 609 made of InGaAIN are fomied on the bamer 
layer 1607. 

10 [0229] An electrode layer 1 61 0 made of Sl-doped n- 
type GaN is fonned on the barrier layer 1609. A barrier 
layer 1611 made of Si-doped n-type InGaAIN is formed 
on the electrode layer 1610. An upper active layer 1612 
which is made of tnxGa^.^N and serves as a quantum 

« well Is fomied on the barrier layer 1611. Note that in the 
intermediate active layer 1 608 and upper active layer 
1612. X<Y. 

[0230] A bamer layer 1613 made of Mg-doped p-type 
InGaAIN is formed on the upper active layer 1612. A 
20 0.5-nm thick cladding layer 1 61 4 made of Mg-doped p- 
type Alo.iGao gN and a 0.1 -nm thick contact layer 1615 
made of Mg-doped p-type GaN are formed on the barrier 
layer 1613. 

[0231] A current limiting insulating layer 1616 which 
2s is made of Si02 and has a substantially circular opening 
window with a diameter of about 20 jim is fomied on the 
contact layer 1 61 5. A p-type metal electrode 1617 which 
is in contact with the contact layer 1615 through the 
opening window is fomied on the cun-ent limiting insu- 
30 lating layer 1 61 6. Although not shown, the p-type metal 
electrode 1617 has a multilayer structure constituted by 
a 50-nm thick palladium layer In direct contact with the 
contact layer 1 615, a 30-nm thick platinum layer formed 
thereon, and a 200-nm thick gold layer fomied thereon. 
35 [0232] Note that the electrode layer 1 610 has an ex- 
posed region formed by partly etching the respective 
layers fomied thereon, and an n-type metal electrode 
1618 is formed in this exposed region. Although not 
shown, the n-type metal electrode 1618 has a multilayer 
40 structure constituted by a 50-nm thick titanium layer In 
direct contact with the exposed region, a 30-nm thick 
platinum layer, and a 200-nm thick gold layer. The above 
semiconductor light-emitting device can be manufac- 
tured by the same method as that for the embodiment 
^5 shown in Fig. 14A. 

[0233] In the device according to this embodiment 
which has the above arrangement, the first light-emitting 
structure is fomied by the barrier layer 1605, lower ac- 
tive layer 1 606, and bamer layer 1 607. The second light- 
50 emitting structure is fomied by the barrier layer 1 607, 
Intermediate active layer 1608, and barrier layer 1609. 
The third light-emitting structure is fomied by the bamer 
layer 1611, upper active layer 1612, and barrier layer 
1613. 

55 [0234] The emission wavelengths of the respective 
light-emitting structures are set by controlling the com- 
positions and thicknesses of the respective active layers 
such that the first light-emitting structure has the longest 
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emission wavelength and the third light-emitting struc- 
ture has the shortest emission wavelength. That is, the 
farther to the single-crystal substrate 1601, the light- 
emitting structures are located, the shorter the emission 
wavelengths become (the larger the bandgaps be- 
come). Therefore, light emitted from the third light-emit- 
ting structure upon cun-ent injection is partly absorbed 
by the second and first light-emitting structures, and the 
remaining part which is not absorbed emerges from the 
lower surface of the single-crystal substrate 1601 . 
[0235] The second light-emitting stmcture is excited 
by the light emitted from the third light-emitting structure 
absorbed in the second light-emitting structure. As a re- 
sult, a light emission with a wavelength unique to the 
second light-emitting structure fs produced. Part of the 
light emission produced by the second light-emitting 
structure is absorbed in the first light-emitting structure, 
and the remaining part which is not absorbed in the first 
light-emitting structure emerges from the single-crystal 
substrate 1601. Lastly, the first light-emitting structure 
absorbs the light from the third and second light-emitting 
structures. The first light-emitting structure is excited by 
the absorbed light to produce light emission with a wave- 
length unique to the first light-emitting structure. This 
light also emerges from the lower surface of the single- 
crystal substrate 1601. 

[0236] As described above, in this semiconductor 
light-emitting device in Fig. 16 as well, a highly efficient 
white light emission can be obtained with little loss by 
designing the staclcing order of the first to third light- 
emitting structures in consideration of the positional re- 
lationship with respect to the single-crystal substrate 
1601 serving as a light extraction window. Proper de- 
signing of the first to third light-emitting structures can 
obtain light emissions in a wide wavelength range in- 
cluding the infrared, visible, and ultraviolet regions. Note 
that the relationship in emission wavelength among the 
respective light-emitting stmctures is not limited to that 
described above. For example, the second light-emit- 
ting structure may have the longest emission wave- 
length. 

[0237] When, for example, a cun-ent Is supplied to the 
resultant device having the p-type metal electrode 1617 
as an anode and the n-type metal electrode 1 618 as a 
cathode, bluish white light emerging from the lower sur- 
face of the single-crystal substrate 1601 is observed. 
The color of light emission obtained from this semicon- 
ductor light-emitting device can be changed by control- 
ling the structure factors of each active layer, i.e., the 
composition and thicl<ness of each layer, the diameter 
of each island portion, and the composition and thick- 
ness of a crystal layer (ban-ier layer) around each region. 
[0238] In Fig. 16, the three active layers are stacked 
on each other through the barrier layers. However, the 
invention is not limited to this. By properly setting the 
compositions of crystals fomiing the respective active 
layers and the thicknesses of the layers, and designing 
emission colors of the respective layers, light emission 



near white can be obtained even by a semiconductor 
light-emitting device having two active layers stacked on 
each other through a bamer layer. 
[0239] In addition, the intenmediate active layer 1608 
5 and upper active layer 1612 may be formed from a plu- 
rality of island portions made of InGaN or InN. 
[0240] A manufacturing method will be described 
next. An equipment of metalorganic vapor phase epi- 
taxy having a vertical-type reactor is used for crystal 
10 growth for the fonmation of each crystal layer. As a ni- 
trogen source, ammonia is used. Note that as a carrier 
gas, hydrogen gas is used unless othenvise specified. 
The growth pressure is set to atmospheric pressure. 
[0241] First of all, the substrate temperature is set at 
'5 1 ,050*'C, and the surface of the single-crystal substrate 
1 601 made of sapphire is nitrided in an ammonia atmos- 
phere. Thereafter, the substrate temperature is set at 
SSO^C, and the buffer layer 1602 is fomied by growing 
GaN. In the growth of this GaN, triethylgallium (TEG) is 
20 used as a gallium source, which has a low vapor pres- 
sure. Is suited to supply of a small amount of Ga. readily 
decomposes at a low temperature of SSCC, and allows 
no carbon which is a constituent element of the source 
to be taken in the grown layer. Subsequently, the single- 
ts crystal substrate 1 601 is annealed at 1 ,0S0*'C for 9 min 
to fom the buffer layer 1602 into a single crystal. 
[0242] The temperature of the single-crystal substrate 
is then set at 1,020''C, and GaN and AlQ ^GapgN are 
sequentially grown to fomn the semiconductor layer 
30 1603 and^cladding layer 1604. As an aluminum source 
for the vapor phase growth of these layers, trimethyla- 
luminum (TMA) is used. As a gallium source, trimethyl- 
gallium (TMG) is used, which has a relatively high vapor 
pressure. 

35 [0243] InGaAIN, InxGa^.xN, InGaAIN, InyGa^.Y^. In- 
GaAIN, Si-doped n-type GaN, and Si-doped n-type In- 
GaAIn are continuously grown on the cladding layer 
1604 to form the barrier layer 1605, lower active layer 
1606, barrier layer 1 607, intennediate active layer 1608, 

40 barrier layer 1 609, electrode layer 1610, and ban-ier lay- 
er 1611. 

[0244] In fomiing the lower active layer 1606, InN is 
grown in the form of islands to fonm a plurality of island 
portions. In forming the Island portions, first of all, InN 

^5 is grown in the form of a film or in a film-like state on the 
barrier layer 1605. In the growth of InN, since the equi- 
librium vapor pressure of nitrogen on the solid phase of 
InN is high, the substrate temperature is set at 500"C. 
In addition, in this vapor phase growth, trimethylindium 

50 (TMI) is used as an indium source. In this growth proc- 
ess, in order to grow high-quality InN by preventing pre- 
cipitation of metal In, the ratio of ammonia to TMI. i.e., 
V/lll, is set to 660,000. Nitrogen is used both as a earner 
gas and a bubbling gas. 

55 [0245] After InN is grown in the fonm of a film in the 
above manner, this film Is heated in a nitrogen atmos- 
phere at 700"C for 20 mIn. The film-like InN layer is 
fonned into the plurality of island portions by this heat- 
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ing. 

[0246] In the crystal growth of each layer containing 
Indiunr), since the equilibrium vapor pressure of nitrogen 
on the solid phase of InN is high, the growth temperature 
(substrate temperature) Is set at about 550**C. As an in- 
dium source, trimethylindium (TMI) Is used. As a Ga 
source in the growth of each layer containing Indium, 
TEG is used. This is because TEG decomposes at a low 
temperature and has a tow vapor pressure, and hence 
is suitable for composition control on a crystal layer as 
compared with TMG. 

[0247] In the crystal growth of each layer described 
above, in order to grow high-quality InN by preventing 
precipitation of metal In, the ratio of ammonia to (TMI + 
TMA + TEG), i.e.. V/lll, is set to 660.000. Nitrogen Is 
used both as a cam'er gas and a bubbling gas. This is 
because the use of hydrogen as a cannier gas will sup- 
press the decomposition of ammonia (reference 7). Si- 
lane (SiH4) gas which is diluted with hydrogen and has 
a concentration of 1 ppm Is used to dope each layer with 
Si. 

[0248] The upper active layer 1 61 2 is then formed on 

the barrier layer 1611. Mg-doped p-type InGaAIN is 
grown on the upper active layer 1 61 2 to form the barrier 
layer 1 61 3 so as to cover the island portions. 
[0249] After the barrier layer 1613 is fonned, Mg- 
doped p-type Alo.iGao 9N and Mg-doped p*type GaN 
are sequentially grown to form the cladding layer 1614 
and contact layer 1615. As a source for Mg doping, bis 
(methylcyclopentadlenyl)magnesium is used. This 
source is a liquid, which is advantageous in reproduci- 
bility of the doping concentration of Mg over bis(cy* 
clopentadlenyl)magneslum which is a generally used 
solid source. 

[0250] After the barrier layer 1613, cladding layer 
1614, and contact layer 1615 are formed, the resultant 
structure is annealed In a nitrogen atmosphere at 700*^0 
for 30 min to activate Mg added to these layers. 
[0251] After the respective crystal layers described 
above are fonned, the current limiting insulating layer 
1615 made of Si02 is fonned on the contact layer 1615 
by using an RF magnetron sputter apparatus, and an 
opening window is formed in the current limiting insulat- 
ing layer 1616 by the known photolithography technique 
and etching technique. 

[0252] After the opening window is formed in the cur- 
rent limiting insulating layer 1616, a 50-nm thick nickel 
film and a 100-nm thick gold film are sequentially de- 
posited and stacked on the current limiting insulating 
layer 1616 including the opening window by using an 
electron beam deposition apparatus, thereby forming a 
metal layer serving as the p-type metal electrode 1617. 
Thereafter, a novolac-based positive photoresist pattem 
is fonned on the metal layer by the known photolithog- 
raphy technique, and the underlayer is etched by using 
this pattern as a mask to form an exposed region on the 
electrode layer 1610. In this etching, for example, etch- 
ing of the crystal layer, is performed by reactive ion etch- 



ing using chlorine gas. 

[0253] After etching for the f onnation of the above ex- 
posed region, removal of the photoresist pattern, and 
cleaning of the single-crystal substrate 1601 and the 

5 structure formed thereon, a 50-nm thick aluminum film 
and a 200-nm thick gold film are sequentially deposited 
on the exposed region of the electrode layer 1610, and 
the resultant structure is pattemed to fonn the n-type 
metal electrode 1618. 

10 [0254] After the manufacturing process is completed 
up to the formation of the n-type metal electrode 1611 
in the manner described above, the single-crystal sub- 
strate 1 601 is polished and thinned to a mirror surface. 
The resultant structure is cleaned, and the single-crystal 

15 substrate 1601 is cut in a predetemnlned size by using 
a diamond scriber, thereby extracting a device. The de- 
vk:e size is set to about 500 \im square. 
[0255] When a current is supplied to the extracted de- 
vice having the p-type metal electrode 1 61 7 as an anode 

20 and the n-type metal electrode 1618 as a cathode to 
make the device operate, a light emission can be ob- 
tained from the lower surface of the single-crystal sub- 
strate 1 601 , For example, the obtained light emission is 
bluish white light. As described above, the light emission 

25 obtained by this embodiment is bluish white. However, 
an emission color with a desired characteristic can be 
obtained by properly controlling the composition of a 
crystal layer forming an active layer and the thickness 
of the active layer. 

30 [0256] In the device of Fig. 1 6, the three active layers 
are stacked on each other through the barrier layers. 
However, the invention is not limited to this. By properly 
setting the compositions of crystals forming the respec- 
tive active layers and the thicknesses of the layers, and 

35 designing emission colors of the respective layers, light 
emission near white can be obtained even by a semi- 
conductor light-emitting device having two active layers 
stacked on each other through a barrier layer. 

40 [10th Embodiment] 

[0257] Figs. 1 7A and 1 7B show an example of the ar- 
rangement of a semiconductor light-emitting device ac- 
cording to this embodiment. Fig. 17A shows a cross- 

45 sectional view of a semiconductor laser with an oscilla- 
tion wavelength of 0.4 iim or more, as an example, in a 
direction in which guided light propagates back and forth 
in the cavity, i.e., along a direction perpendicular to the 
axis of the cavity. 

50 [0258] This semiconductor laser includes the follow- 
ing layers on the surface of a 330-^m thick single-crystal 
substrate 1701 made of (0001 )-oriented sapphire (sin- 
gle-crystal AI2O3): a 20-nm thick buffer layer 1 703 made 
of GaN formed through a nitride layer 1 702 with a nitri- 

55 dalion depth of 1 .2 nm, a 4-fim thick electrode layer 
1 704 made of Si-doped n-type GaN, and a 0.5-p.m thick 
cladding layer 1705 made of Si-doped n-type 
AIq .(Gao gN. Note that the single-crystal substrate 1 701 
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is not limited to sapphire. For example, this substrate 
may be made of a crystal such as silicon carbide (SIC), 
zinc oxide (ZnO), or lithium gallate (LiGa02). 
[0259] A O.e-^m thick guiding layer 1 706 made of Si- 
doped n-type GaN is formed on a cladding layer 1705. 
An active layer 1 707 formed from a layer having a struc- 
ture In which a plurality of island portion made of InN are 
arrayed in the same plane is formed on the guiding layer 
1706. For example, each of the plurality of Island por- 
tions fomning the active layer 1707 is formed to have a 
diameter of about 2 nm and a height of about 1 nm, like, 
for example, the island portions 1405a shown in Fig. 
14B. By setting the size of each island portion to be 
equal to or smaller than the spread of the wave function 
of an electron in this manner, a quantum effect can be 
obtained. The emission wavelength of the semiconduc- 
tor light-emitting device based on the active layer 1 707 
is almost detemnined by the size of each island portion. 
Note that the size of each island portion is not limited to 
be equal to or smaller than the spread of the wave func- 
tion of an electron, and may be larger. 
[0260] Note that the shape of each island portion is 
not limited to a semispherical shape. For example, the 
island portions may have cylindrical, prism, pyramid or 
cone shape. In addition, the island portions may be ar- 
rayed at equal intervals or may be arranged at nonuni- 
form intervals. In addition, the respective island portions 
may be formed to be completely isolated from each oth- 
er or to be connected to each other through thin InN films 
forming the island portions. Note that the respective is- 
land portions are formed to have almost the same size. 
[0261] The following layers are fomried on the active 
layer 1707 fomned In the above manner: a 10-nm thick 
growth cover layer 170B made of undoped GaN, a 
0.55-nm thick guiding layer 1709 made of Mg-doped p- 
type GaN. a 0.5-^m thick cladding layer 1710 made of 
Mg-doped p-type Alo.1Gao.9N. and a 0.1 -^im thick con- 
tact layer 1 711 made of Mg-doped p-type GaN. 
[0262] A current limiting insulating layer 1711 which 
is made of SiOg and has a groove with a width of about 
2 \Lvn to limit a cun-ent injection region is formed on the 
contact layer 1 71 1 , Note that the above groove is formed 
parallel to the reciprocating direction of light in the cavity 
of this semiconductor laser. A p-type metal electrode 

1713 which is in contact with the contact layer 1711 
through the above groove is formed on the current lim- 
iting insulating layer 1712. Although not shown, the p- 
type metal electrode 1713 has a multilayer structure 
constituted by a 50-nm thick palladium layer in direct 
contact with the contact layer 1711 , a 30-nm thick plat- 
inum layer fonmed on the palladium layer, and a 200-nm 
thick gold layer fomied on the platinum layer. These 
metal layers are patterned by using the lift-off technique. 
[0263] Note that the electrode layer 1 704 has an ex- 
posed region formed by partly etching the respective 
layers fomied thereon, and an n-type metal electrode 

1714 in this exposed region. Although not shown, the n- 
type metal electrode 1714 has a multilayer structure 



constituted by a 50-nm thick titanium layer in direct con- 
tact with the exposed region . a 30-nm thick platinum lay- 
er, and a 200-nm thick gold layer. The cavity length of 
the semiconductor laser shown in Fig. 1 7 is about 500 
s nm. 

[0264] Fig. 18 shows an optical power/current char- 
acteristic (CW characteristic) and voltage/current char- 
acteristic obtained as results of measuring the semicon- 
ductor laser in Fig. 17, mounted junction up on a heat 
10 sink, at room temperature by using a DC current. The 
semiconductor laser caused CW oscillation at room 
temperature with a threshold current of 80 mA. The re- 
sultant oscillation wavelength was 1 .60 nm. The oper- 
ating voltage at this time was 2.7 V. A built-in voltage 
IS was about 1 .5 V. 

[0265] When In^.xGaxN (0 < X < 0.4) is used for a 
light-emitting structure including an active layer as in the 
prior art, the built-in voltage V^, is a little less than 4 V, 
In comparison with this, the built-in voltage of the sem- 
^ {conductor laser shown in Fig. 17 is low because InN 
with a small bandgap Is used for the active layer 1 707. 
Note that the semiconductor laser in Fig. 1 7 exemplifies 
the laser using InN for the active layer 1707. However, 
•ni-x-yGaxAVN (0^X.Yg1,0^X + Y<1) having a 
25 larger bandgap than InN may be used for an active layer 
In this case, the oscillation wavelength can be further 
decreased to, for example, 0.4 ^m. 
[0266] In this embodiment as well, the active layer 
1707 may have a structure in which a layer constituted 
30 by a plurality of island portions and a growth cover layer 
(bamer layer) are stacked on each other 
[0267] As has been described above, the semicon- 
ductor light-emitting device according to the invention 
includes at least the first cladding layer fomned on the 
substrate, the light-emitting structure which is made of 
In^.x-vGaXAlyN (0 ^ X, Y g 1 , 0 ^ X + Y < 1 ) and formed 
on the first cladding layer, and the second cladding layer 
formed on the light-emitting structure. 
[0268] As a result of this arrangement, in the semi- 
conductor light-emitting device of the invention, the ac- 
tive layer is formed from a material with a small Auger 
effect. In addition, the device of the invention has a layer 
arrangement that allows to have a large AEc. As a con- 
sequence, the semiconductor light-emitting device of 
the invention is robust against changes in temperature 
in an operating environment, and can perform high-pow- 
er operation. 



Claims 

1. A semiconductor light-emitting device character- 
ized by comprising at least: 

a first cladding layer (105) formed on a sub- 
strate (101); 

a light-emitting structure including an active 
layer (107) made of In^.x-YGaxAlyN (0 ^ X, Y 
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^ 1 , 0 ^ X + Y < 1) and fonmed on said first 
cladding layer; and 

a second cladding layer (110) formed on said 
light-emitting structure. 

2. Device according to claim 1 , wherein the active lay- 
er is made of InN. 

3. Device according to claim 1 , further comprising first 
and second semiconductor layers (106, 109) 
fomied to sandwich the active layer, said first and 
second semiconductor layers being made of 
Ini.x'-Y'Gax'AIrN (0 ^ X\ Y' ^ 1 , 0 ^ X' + r ^ 1) 
and In^.x-.Y-Gax-AlY-N (0 ^ X", Y" ^ 1 , 0 ^ X" + Y* 

4. Device according to claim 1 , wherein an emission 
wavelength falls in a visible region. 

5. Device according to claim 1 , wherein 

said light-emitting structure is constituted by 
a first light-emitting structure and a second light- 
emitting structure fomried thereon, 

the first light-emitting structure is formed from 
a first active layer (1106) sandwiched between bar- 
rier layers (1105. 1107), 

the second light-emitting structure is fomried 
from a second active layer (1108) sandwiched be- 
tween barrier layers (1107, 1109), and 

the first and second light-emitting structures 
have different emission wavelengths. 

6. Device according to claim 1 , wherein. 

said light-emitting structure is constituted by 
a first light-emitting structure, a second 

light-emitting structure fomied thereon, and a 
third light-emitting structure formed thereon, 

the first light-emitting structure is formed from 
a first active layer (1106) sandwiched between bar- 
rier layers (1105, 1107), 

the second light-emitting structure is formed 
from a second active layer (11 OB) sandwiched be- 
tween barrier layers (1107, 1109), 

the third light-emitting structure is formed from 
a third active layer (1110) sandwiched between bar- 
rier layers (1109, 1111), and 

the first, second, and third semiconductor 
light-emitting elements have different emission 
wavelengths. 

7. Device according to claim 1 , wherein 

said light-emitting structure is constituted by 
a first light-emitting structure (A), a second light- 
emitting structure (B), and a third light-emitting 
structure (C) arrayed on the substrate, 

the first light-emitting structure is formed from 
a first active layer (1306a) sandwiched between 
barrier layers (1305b, 1307a). 



the second light-emitting structure is formed 
from a second active layer (1306b) sandwiched be- 
tween barrier layers (1305b, 1307b), 

the third light-emitting structure is fomied from 
5 a third active layer (1306c) sandwiched between 
barrier layers (1305c, 1307c), and 

the first, second, and third semiconductor 
light-emitting elements have different emission 
wavelengths. 

10 

8. Device according to any one of claims 5 to 7. where- 
in the first, second, and third semiconductor light- 
emitting elements are made of In^.^.y^axAlyN (0 ^ 
X, Y^1,0^X + Y<1) with different composition 

IS ratios. 

9. Device according to any one of claims 5 to 7, where- 
in the first, second, and third semiconductor light- 
emitting elements are made of In^.x-vGaxAlyN (0 = 

20 X, Y^1,0^X + Y<1) with different film thick- 
nesses. 

10. Device according to claims 8 or 9, wherein the bar- 
rier layers are made of In^.^.v^SaxAlyN (0 ^ X, Y ^ 

2S 1 , 0 ^ X + Y ^ 1 ) having higher bandgap energy 
than the first to third active layers. 

11. Device according to claim 1, wherein 

the active layer (1405) is formed from a layer 
30 constituted by a plurality of island portions (1405a) 
an^ayed In the same plane, and 

the Island portions are made of In^.x.YGaxA- 
IyN(0£X.Y^ 1,0^X + Y<1). 

35 12. Device according to claim 11, wherein the respec- 
tive island portions are so arrayed as to be isolated 
from each other. 

A device according to claim 11, wherein the layer 
constituted by the plurality of island portions ar- 
rayed in the same plane is covered with a barrier 
layer (1406) made of In^.x-Y^^x^lY^ (0 ^ X, Y ^ 
1 , 0 ^ X -I- Y ^ 1 ) having higher bandgap energy 
than the island portions. 

A device according to claim 13, wherein the active 
layer comprises a multilayer structure formed by 
stacking the layer constituted by the plurality of is- 
land portions arrayed in the same plane and the bar- 
rier layer. 

15. A device according to claim 11, wherein the island 
portions are made of InN. 
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